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Electronic Properties and Device Applications of Rotationally 
Controlled van der Waals Heterostructures 
 
Kyounghwan Kim, Ph. D. 
The University of Texas at Austin, 2018 
 
Supervisor:  Emanuel Tutuc 
 
Van der Waals heterostructure is a highly versatile platform to unveil two-
dimensional (2D) electron physics and to explore new device functionalities. In this 
dissertation, we present comprehensive experimental studies of van der Waals 
heterostructures considering the rotational control between different 2D layers. A 
hemispherical handle polymer stamp is introduced to improve 2D layer transfer, which 
allows rotational control when stacking 2D layers. To verify the accuracy of rotational 
control, we demonstrate a rotationally aligned double monolayer graphene using a 
sequential pick-up of two graphene layers, which originate from a single crystal domain, 
and compare it with Bernal stacked bilayer graphene using Raman spectroscopy, scanning 
probe microscopy (SPM), and electrical transport measurements under an applied 
transverse electric-field. We also demonstrate resonant tunneling in double bilayer 
graphene heterostructures using hexagonal boron nitride (hBN) as an interlayer dielectric, 
in which rotational alignment between the two bilayer graphene is the key ingredient for 
the device functionality. To further highlight the significance of highly accurate rotational 
alignment between different layers, we demonstrate tunable moiré crystals in small-twist-
angle bilayer graphene. A comprehensive electron transport study is conducted, and the 
viii 
 
data are compared with SPM results. We observe transport gaps at ±8 electrons per moiré 
unit cell, along with a conductivity minimum at charge neutrality with twist angle less than 
1°. In magnetic fields, we also observe the emergence of a Hofstadter butterfly in the 
energy spectrum, with four-fold degenerate Landau levels (LLs), and broken symmetry 
quantum Hall states at filling factors, ν = ±1, ±2, ±3.  
We demonstrate dual-gated tungsten diselenide (WSe2) interlayer tunneling 
devices, consisting of two WSe2 monolayers with controlled rotational alignment, and 
separated by a thin hBN tunnel barrier. In samples where the two WSe2 have a 0  relative 
twist the tunneling current-voltage characteristics reveal resonant tunneling, manifested by 
negative differential resistance, which stem from energy and momentum conservation. 
Because WSe2 possesses strong spin-orbit coupling which leads to coupled spin-valley 
degrees of freedom, controlling the angle between the two WSe2 monolayers allows us to 
probe the conservation of spin-valley degree of freedom in tunneling.   
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Chapter 1: Introduction 
1.1 MOTIVATION 
Two-dimensional (2D) van der Waals heterostructures [1] have been a great 
platform for investigating unique fundamental physics in 2D electronics, and emerging 
device applications, which possess functionalities that enable beyond CMOS low-power 
and high-speed logic [2-5]. In 2D layered materials, such as graphene, hexagonal boron 
nitride (hBN) and transition metal dichalcogenides (TMDs), each layer is weakly bound to 
neighboring layers with van der Waals interaction, which allows their isolation down to 
the monolayer limit by micro-mechanical exfoliation techniques. By employing newly 
developed layer transfer techniques [6, 7], the isolated 2D layers can be assembled into 
novel van der Waals heterostructures, which may have electronic properties markedly 
different from the individual layers, and possibly capable of providing a new material 
system by engineering the band structure.  
Although previously developed 2D layer transfer techniques have made a 
remarkable progress, rotational control in van der Waals heterostructure has remained as a 
challenging aspect since accessing the information of each layer’s crystal direction is not 
straightforward. This crystal alignment between the layers is ubiquitous in III-V 
heterostructures since the crystal direction is determined by the orientation of the seed and 
adjacent layers during epitaxial growth. Recent examples of progress in the precise control 
between the 2D layers include rotationally aligned two mono- and bi-layer graphene with 
hBN [8-10] or tungsten diselenide (WSe2) [11] where they show interesting device 
functionality in the form of negative differential resistance (NDR) characteristics thanks to 
momentum-conserving tunneling.   
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By further improving the rotational control between the two adjacent 2D layers, a 
new emerging branch of 2D physics, so called moiré physics, can advance the 
understanding of these artificial heterostructures to a new, unprecedented level of depth. 
When nearly identical periodic layers are overlaid with a relative twist, a new periodic 
pattern, which is tunable by twist-angle forms, called moiré pattern. In the 2D system, 
because both graphene and hBN can be isolated down to perfect atomic crystal sheets, van 
der Waals heterostructures consisting of these materials are well suitable platforms to 
create moiré crystals, which can yield a complex electronic system.  
The example of moiré crystal structures is rotationally aligned graphene-on-hBN 
[12-14] and twist-angle bilayer graphene [15-17] van der Waals heterostructures where 
they show graphene superlattices with van Hove singularities [18] and emergence of 
Hofstadter’s butterfly in their energy spectrum in high magnetic fields [12-14].   
 Particularly, in the example of graphene-on-graphene van der Waals 
heterostructures, because the two graphene layers are identical, an extremely long moiré 
wavelength is accessible in the superlattice structure by controlling the small-twist-angle 
(STA) between the two layers. In the example of graphene superlattice on hBN substrate, 
the maximum moiré wavelength is limited to 14 nm due to 1.8% lattice mis-match between 
graphene and hBN [19]. Along with the full range moiré wavelength accessibility, twist-
bilayer graphene system is a model platform to further explore the study of moiré physics 
in-depth, since graphene has been studied extensively both theoretically and 
experimentally. Various experimental and theoretical studies of graphene including 
electronic band structure [20], Landau level (LL) spectrum [21, 22], transport 
measurements [23, 24], as well as disorder and interactions [25] between the graphene 
layers are well studied. The latter example of layer interactions and disorder are particularly 
interesting in moiré physics, especially in the case of larger moiré wavelengths induced by 
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STA between the layers. Theory [26, 27] predicts that momentum mismatch at Dirac cones 
in each layer significantly suppresses the coherent interlayer motion at low energy by 
inducing STA. Additionally, angle dependent suppression of the Femi velocity, where it 
shows band flattening along with zero Fermi velocity at a series of angles at 1.05º, 0.5º, 
0.35º, 0.24º and 0.2º, so-called magic angle, is expected in the system [27]. The realization 
of STA bilayer graphene [15-17] has recently been exhibited, and gate-tunable Mott 
insulators and superconductivity at zero magnetic fields [28, 29] have been observed at a 
magic angle of near 1.05º. 
1.2 OUTLINE 
This dissertation describes the dissertator’s experimental explorations of various 
2D van der Waal heterostructures consisting of graphene, TMDs, and hBN. The 
organization of the dissertation is as follows. Chapter 2 explains two distinct types of van 
der Waals heterostructures, using graphene and WSe2. They experimentally probe a 
number of fundamental material properties of WSe2, namely the dielectric constant and 
bandgap. In Chapter 3, a new method to realize the rotational alignment in van der Waals 
heterostructure is introduced and the accuracy of the alignment is verified by comparing 
the properties between rotationally aligned double monolayer graphene and Bernal stacked 
bilayer graphene obtained by exfoliation. Raman spectroscopy, scanning tunneling 
microscopy (STM), and electric-field induced measurements are used to verify that the 
obtained heterostructure is indeed bilayer graphene. To illustrate the applicability of the 
technique, double bilayer graphene heterostructures, using hBN as an interlayer dielectric, 
are fabricated to observe energy and momentum conserving tunneling. In Chapter 4, to 
extend the use of high accuracy in rotational alignment, tunable moiré crystals in STA 
bilayer graphene are fabricated, and comprehensive electron transport study is conducted 
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along with SPM measurements. In the same devices, by applying high magnetic fields, we 
observe the emergence of a Hofstadter butterfly in the energy spectrum with four-fold 
degenerate LLs, and broken symmetry quantum Hall state (QHS) at filling factors ν = 
±1, ±2, ±3. In Chapter 5, we investigate the interlayer tunneling properties of WSe2-hBN-
WSe2 heterostructures, where the coupled spin-valley degrees of freedom in WSe2 lead to 
interesting interlayer tunneling characteristics, which differ markedly in devices with a 0º 
or 180º rotational twist between the WSe2 layers.  
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Chapter 2: Band Alignment in WSe2-Graphene Heterostructures 
We investigate the electrical properties of WSe2 using two different van der Waals 
heterostructures consisting of WSe2 and graphene using layer-by-layer transfer approach. 
In van der Waals heterostructures of WSe2-on-graphen, we use WSe2 as a top dielectric of 
dual-gated graphene field-effect transistors (FETs) to extract the WSe2 dielectric constant 
along the c-axis (kWSe2). In graphene-on-WSe2 van der Waals heterostructures, we 
determine the energy band offset between the graphene charge neutrality and conduction 
and valence band edges of WSe2. We observe ambipolar conduction in lateral transport, 
which is consistent with the characteristic of conventional graphene transport; however, 
the conductivity saturates at sufficiently high gate positive (negative) bias, due to carrier 
population of the conduction (valence) band edges in WSe2. The electron (hole) population 
at the conduction (valence) band edges are further investigated using magneto-transport 
measurement where the carrier densities are extracted from Shubnikov-de Hass 
oscillations, which attribute to QHSs in the graphene layer.1  
2.1 INTRODUCTION 
WSe2 is a layered TMD semiconductor material with a hexagonal crystal structure (a 
= 3.282 Å  , c = 12.961 Å ) [31] possessing a thickness dependent bandgap of 1.2 ~ 2.0 eV 
[32]. The WSe2 band structure has been investigated theoretically [33-35] and shown to 
undergo an indirect-to-direct band-gap transition in the monolayer limit [36, 37]. Several 
proof-of-concept devices including FETs [38-40], solar cells [41, 42], light-emitting diodes 
[42, 43], photo-detectors [44], and light-emitting transistors [45] have been demonstrated 
using WSe2. To further expand the use of WSe2 in electronic and optoelectronic 
                                                 
1 This work has been published as Ref.[30] K. Kim, S. Larentis, B. Fallahazad, K. Lee, J. Xue, D. C. Dillen, 
et al., "Band Alignment in WSe2–Graphene Heterostructures," ACS Nano, vol. 9, pp. 4527-4532, 2015/04/28 
2015. The dissertator, K. Kim, fabricated the heterostructures devices, performed the electrical 
characterization, and contributed to data analysis and writing the paper. 
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applications, and explore new device functionalities, understanding fundamental 
properties, such as intrinsic mobility, dielectric constant, and band alignment in 
heterostructures, is crucial. In this chapter, the intrinsic properties of dielectric constant and 
overall WSe2 band information will be experimentally extracted by introducing van der 
Walls heterostructures using monolayer graphene as an adjacent layer to WSe2.   
2.2 DEVICE FABRICATION 
 
Figure 2.1 Device fabrication of WSe2-on-graphene [Type #1] (a) Schematic view of 
WSe2-on-graphene van der Waals heterostructures. (b) Optical micrograph of 
trimmed graphene on SiO2. (c) WSe2 layer transferred on graphene, and (d) 
completed device after metal deposition on WSe2. 
Figure 2.1(a-d) shows a device schematic and optical micrographs of sample 
fabrication steps involving WSe2-on-graphene van der Waals heterostructures [Type #1]. 
To fabricate the Type#1 heterostructures, graphene flake is first mechanically exfoliated 
on 285 nm thick thermally grown silicon oxide (SiO2) on highly doped silicon (Si) 
substrate. Raman spectroscopy and optical contrast are used to identify the monolayer 
graphene. Once we confirm that our exfoliated graphene layer is monolayer, electron-beam 
lithography (EBL) and oxygen (O2) plasma etching are used to define a set of 1-2 m-wide 
stripes as shown in the figure 2.1(b), followed by ultra-high-vacuum (UHV) anneal for 6 
hours at 350°C to remove the poly-methyl-methacrylate (PMMA) residues. Separately, we 
(a) (b) 
5 μm 
(c) 
5 μm 
(d) 
5 μm 
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mechanically exfoliate WSe2 flakes onto PMMA spun on water-soluble polyvinyl-alcohol 
(PVA) layer on a Si substrate. Once exfoliation of WSe2 flakes is completed, the exfoliated 
WSe2 on PMMA/PVA/Si sample is floated on water, which dissolves PVA from the side 
of the Si substrate, and leaves WSe2/PMMA floating on water. Using a thin glass slide with 
5 mm diameter hole, we fish-out the PMMA membrane carefully to locate the flake near 
the center of the hole. After drying the PMMA membrane in the air for several hours, we 
use mask aligner and heating stage to carefully align and transfer WSe2 flake onto graphene 
on SiO2/Si substrate at 90°C, then increase the temperature to 120°C. After the transfer, 
PMMA is removed in acetone bath for several hours followed by UHV anneal for 6 hours 
at 350°C. Figure 2.1(c) is the optical micrograph after transfer and UHV annealing 
processes are completed. To complete the fabrication, a second EBL followed by metal 
(Ni/Au) deposition is used to define the contacts to the graphene layer, as well as a top-
gate onto the WSe2 flake. The completed device optical micrograph is shown in figure 
2.1(d).  
 
Figure 2.2 Device fabrication of graphene-on-WSe2. (a) Schematic view of graphene-on-
WSe2 van der Waals heterostructures. (c) AFM topography of exfoliated 
WSe2 after UHV anneal, and (c) transferred graphene on WSe2. (d) Optical 
micrograph of completed device after metal deposition. 
2 μm 
(b) (a) (c) 
2 μm 
(d) 
2 μm 
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The fabrication of graphene-on-WSe2 is similar, but the opposite order of stacking is 
used as described in figure 2.2(a) schematic. WSe2 flakes are first mechanically exfoliated 
on 285 nm SiO2/Si substrates, followed by 350°C UHV annealing to remove tape residues. 
The flake thickness and topography are probed by atomic force microscopy (AFM) as 
shown in figure 2.2(b). In a separate PMMA/PVA/Si substrate, monolayer graphene flake 
is exfoliated and confirmed by Raman spectroscopy. After accurately transferring graphene 
layer onto WSe2 flake on SiO2/Si substrate, EBL and O2 plasma etching are used to define 
a Hall bar shape on the graphene monolayer as shown in figure 2.2(c), followed by a second 
UHV anneal at 350°C to remove the PMMA residues. Red dashed line in the figure 2.2(c) 
is the indication of the trimmed graphene layer. A second EBL and metal (Ni/Au) 
deposition are used to define contacts to the graphene layer. Optical micrograph of the final 
device is shown in figure 2.2(d).  
 
Device ID 
WSe2 
thickness 
(nm) 
Graphene 
Mobility 
(cm2/V·s) 
Heterostructure 
(Stacking type) 
Reference 
Device #1 4.6 
 
Type #1 (WSe2-on-graphene) WK(1) 
Device #2 11.0 Type #1 (WSe2-on-graphene) WK(2) 
Device #3 14.7 Type #1 (WSe2-on-graphene) WK(3) 
Device #4 9.8 ~ 8,000 Type #2 (graphene-on-WSe2) W(36) 
Device #5 7.7 ~ 12,000 Type #2 (graphene-on-WSe2) W(50) 
Device #6 10.5 ~ 13,000 Type #2 (graphene-on-WSe2) W(51) 
Table 2.1 Specifications of graphene and WSe2 used van der Waals heterostructures. WSe2 
thicknesses are measured by AFM and mobility values are extracted from 
conductance plot at T = 1.4 K. Both types of heterostructures, WSe2-on-
graphene [Type #1] and graphene-on-WSe2 [Type #2] are specified in the 
table.     
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2.3 WSE2-ON-GRAPHENE VAN DER WAALS HETEROSTRUCTURES 
2.3.1 Graphene resistance measurement in WSe2-on-graphene dual-gated field-
effect transistors 
In WSe2-on-graphene van der Waals heterostructures, we use WSe2 flakes and 
thermally grown 285 nm SiO2 as the top and bottom dielectrics of dual-gated FETs to 
extract the capacitance values of WSe2 flakes.  
 
Figure 2.3 Electrical characteristics (a) R vs VTG of dual-gated FETs, at VBG ranging from 
-40 to 10 V. (b) VDirac,TG as a function of VBG from -40 to 10 V. 
Figure 2.3(a) shows the graphene resistance (R) measured as a function of top-gate 
bias (VTG), and at different fixed back-gate biases (VBG) ranging from -40 V to 10 V. Each 
trace shows the typical ambipolar behavior of graphene FETs, with a neutrality point 
(VTG,Dirac) which shifts as a function of VBG. The linear dependence of VTG,Dirac vs VBG data 
shown in figure 2.3(b) allows the extraction of the top WSe2 capacitance (CTG) using 
VTG,Dirac/VBG = CBG/CTG, where CBG is the capacitance of 285 nm SiO2, which is 12.5 
nF/cm2 measured at a separate 100 μm  100 μm metal pad using capacitance-voltage 
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measurement between the metal pad to highly doped Si substrate as a back-gate. We note 
that since our analysis uses the gate bias values of the graphene charge neutrality, 
corresponding to zero chemical potential level, the graphene quantum capacitance does not 
play a role in this analysis.  
2.3.2 Extraction of WSe2 dielectric constant 
To experimentally determine the value of WSe2 dielectric constant (kWSe2), we 
examine the top-gate capacitance dependence on WSe2 thickness (tWSe2) on three different 
devices with tWSe2 values of 5, 11, and 15 nm.  
 
Figure 2.4 (a) Plot of CTG
-1 as a function of tWSe2. (b) Schematic of series capacitance model. 
Figure 2.4(a) shows the CTG
-1 as a function of tWSe2. The tWSe2 values are determined 
by AFM and listed in Table 2.1. Since the measurement accuracy of tWSe2 is important for 
this analysis, cross-sectional transmission electron microscopy (TEM) of WSe2 exfoliated 
on SiO2 is used as a point of comparison for the AFM measurement of tWSe2 as shown in 
figure 2.4(a) inset. Based on comparison between the AFM data with TEM cross-section 
CTG 
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result, we verify that the measured tWSe2 using AFM has an error of approximately one 
WSe2 layer (~0.7 nm), which is reflected in error-bar in figure 2.4(a).  
Figure 2.4(b) shows a simple series capacitance model which describes the WSe2 
capacitance in series with an interface capacitance (Cint).  We can therefore write CTG as:  
𝐶𝑇𝐺
−1 = 𝐶𝑖𝑛𝑡
−1 +
𝑡𝑤𝑠𝑒2
𝑘𝑊𝑆𝑒2×𝜀0
        (2.1) 
where ε0 is the vacuum dielectric permittivity. Using a linear fit to figure 2.4(b) data, we 
extract 𝑘𝑊𝑆𝑒2 = 7.2 ±  0.3.  
2.4 GRAPHENE-ON-WSE2 VAN DER WAALS HETEROSTRUCTURES  
2.4.1 Graphene conductance measurement in graphene-on-WSe2  
We now turn to the experimental investigation of graphene-on-WSe2 [Type #2] 
samples, consisting of graphene Hall bars on exfoliated WSe2 flakes. The following 
measurement data and analysis are based on the result from Device #4 from Table #1. 
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Figure 2.5 Electrical characteristics of Type #2 heterostructure samples. (a)  vs VBG 
measured at T = 30 K for both VBG sweep directions with 9.8 nm WSe2 flake. 
At high positive (negative) gate bias, the conductivity saturates, as marked in 
red (blue) in the figure, thanks to electrons (holes) populating the WSe2. The 
finite hysteresis presents when the WSe2 is depleted of mobile carriers, which 
is associated with traps at the SiO2-WSe2 interface. (b-c) Band diagram across 
the heterostructure at high negative [panel (b)] and positive [panel (c)] bias 
illustrating the WSe2 valence, and conduction band population, respectively. 
Figure 2.5(a) shows the four-point conductivity () vs VBG measured at a 
temperature T = 30 K for a sample with tWSe2 = 9.8 nm. The plot is similar to the graphene 
ambipolar conductance, except for a marked saturation at high positive and negative bias. 
The carrier mobility (𝜇 ) in graphene, extracted using 𝜇 = 1/𝐶BG × 𝑑𝜎/𝑑𝑉BG  is 7,000 
cm2/V·s. The figure 2.5(a) also shows a finite hysteresis depending on the VBG sweep 
direction. We address both these findings in the following section.  
The WSe2 layer acts as a back-gate dielectric for graphene at VBG values below a 
certain threshold, as marked in figure 2.5(a). While the VBG induced electric-field (E-field) 
adds an electrostatic potential drop across the WSe2, the chemical potential remains 
between the WSe2 conduction and valence bands. At a positive (negative) VBG threshold, 
the electrostatic potential drop across the WSe2 is sufficiently large to bring the WSe2 
conduction (valence) band edge at the WSe2-SiO2 interface in coincidence with the 
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graphene chemical potential level [figure 2.5(b, c)]. Once the WSe2 starts to become 
populated with electrons (holes), the carrier density in graphene remains largely insensitive 
to VBG as the WSe2 carriers screen the back-gate. The VBG threshold depends on both the 
offset between the graphene neutrality point and the respective band edge, as well as on 
the tWSe2 and kWSe2. This observation is similar to experimental data in graphene-
molybdenum disulfide (MoS2) heterostructures [46, 47], where conductivity saturation 
corresponding to the MoS2 becoming populated with electrons is observed at positive VBG 
values. In graphene-on-WSe2 heterostructures, however, we observe signatures of both the 
WSe2 conduction and valence band becoming populated with carriers since graphene 
charge neutrality located close to the middle of the conduction and valence bands edges 
while graphene-MoS2 heterostructure possesses the graphene charge neutrality near 
conduction band edge of MoS2. We attribute the hysteresis of  vs VBG of figure 2.5(a) to 
a finite trap density at WSe2-SiO2 interface. In a VBG up-sweep (red trace) the traps become 
populated concomitantly with the population of the WSe2 conduction band. During the VBG 
back-sweep (blue trace), the delocalized electrons in the WSe2 conduction band respond to 
the back-gate and are depleted, but the trap states remain charged down to the VBG threshold 
corresponding to the WSe2 valence band population with holes. Once the valence band 
becomes populated with holes, the delocalized holes render the traps charge neutral. 
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Figure 2.6. Evidence of trap-sites at the SiO2–WSe2 interface. (a)  vs VBG measured from 
-60 V to 60 V in both directions, for a heterostructure consisting of graphene-
on-WSe2 encapsulated in hBN. (b)  vs VBG measured for a WSe2-on-
graphene heterostructure using SiO2 as substrate. Both heterostructures were 
fabricated using the same WSe2 thickness of 7.7 nm and measured at 100 K.  
To investigate the origin of the hysteresis observed in figure 2.5(a), we realize a 
WSe2-on-graphene heterostructure encapsulated by hBN on both sides and measured  as 
function of VBG with the same scale from -60 V to 60 V as shown in figure 2.6(a). The plot 
does not display hysteresis in the  vs VBG data. This result implies that the hysteresis in  
vs VBG in graphene-on-WSe2 samples on SiO2 is associated with the interface between SiO2 
and WSe2. 
2.4.2 Magneto transport measurement 
To further substantiate the mechanism described in figure 2.5(b, c) of carrier 
population at each band edges, magnetotransport measurements are used to measure the 
carrier density in graphene as a function of VBG. The following data and analysis are on 
Device #4.  
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Figure 2.7. Magnetotransport properties of graphene-on-WSe2 samples. (a) Rxx vs B 
measured at different VBG values and at T = 30 K. The SdH oscillations stem 
from QHSs in the graphene layer. The QHS filling factors  are indicated in 
the figure. (b) nG vs VBG are extracted from panel (a) data.   
Figure 2.7(a) shows the longitudinal resistance (Rxx) of a graphene-on-WSe2 
heterostructure measured as a function of perpendicular magnetic field (B⊥) at VBG values 
ranging from -55 V to 55 V. The data displays Shubnikov-de Haas (ShH) oscillations, 
which we attribute to QHSs in the graphene layer. The QHS filling factors  = ± 6, 10, 14, 
18 and 22 are marked on each trace. From figure 2.7(a) data, we extract the graphene 
density (nG) using 𝑛𝐺 =
𝑒𝐵𝜈
ℎ
𝜈 , where B is the B-field value at filling factor , and e and h 
are electron charge and Plank constant, respectively. More specifically, at each VBG value 
we determine nG using a linear fit to the 𝐵ν vs 1/ν × (ℎ/𝑒) data. Figure 2.7(b) shows the 
nG vs VBG extracted from figure 2.7(a) data for both the up-sweep and down-sweep VBG 
directions. The data show a linear nG vs VBG dependence at small VBG values, expected for 
a back-gated graphene layer. At sufficiently large positive (negative) VBG values, nG departs 
from the linear dependence, and eventually saturates due to WSe2 becoming populated with 
electrons (holes).  
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2.4.3 Conduction and valence band offset between graphene and WSe2 
In order to determine the band alignment in the graphene-WSe2 heterostructure, it is 
necessary to examine the equilibrium conditions including the chemical potentials of the 
graphene ( 𝜇𝐺 ) and WSe2 layer ( 𝜇𝑊𝑆𝑒2 ). The graphene chemical potential density 
dependence is 𝜇𝐺(𝑛𝐺) =  𝑠𝑔𝑛(𝑛𝐺)ℏ𝑣𝐹√𝜋|𝑛𝐺| , where vF = 1.15 × 10
8  cm/s is the 
experimentally measured Fermi velocity [48]; the 𝑛𝐺  values are positive (negative) for 
electrons (holes). If we reference 𝜇𝑊𝑆𝑒2  with respect to the charge neutrality point of 
graphene, and define ∆𝐸𝐶 and ∆𝐸𝑉 as the offsets between the graphene neutrality point and 
the WSe2 conduction and valence bands, respectively, it follows that 𝜇𝑊𝑆𝑒2 = ∆𝐸𝐶 when the 
WSe2 chemical potential is at the conduction band edge, and 𝜇𝑊𝑆𝑒2 = ∆𝐸𝑉 when the WSe2 
chemical potential is at the valence band edge. The equilibrium condition between the 
graphene and WSe2 writes: 
𝜇𝐺(𝑛𝐺) +
𝑒2𝑛𝐺
𝜖𝑊𝑆𝑒2𝜖0
𝑡𝑊𝑆𝑒2 = 𝜇𝑊𝑆𝑒2       (2.2) 
We note here that equation (2.2) is valid for a heterostructure where the graphene is 
assumed undoped at VBG = 0 V. If the graphene has a finite doping density (𝑛0) at VBG = 0 
V stemming from residues or adsorbates on top of the graphene layer, equation (2.2) 
rewrites as:    
𝜇𝐺(𝑛𝐺) +
𝑒2(𝑛𝐺−𝑛0)
𝜖𝑊𝑆𝑒2𝜖0
𝑡𝑊𝑆𝑒2 = 𝜇𝑊𝑆𝑒2       (2.3) 
Therefore, by using the measured graphene carrier density at the onset of the WSe2 
conduction (𝑛𝐺𝐶), and valence (𝑛𝐺𝑉) band population, along with 𝑛0, the band offsets ∆𝐸𝐶 
and ∆𝐸𝑉 band offset can be calculated as following: 
∆𝐸𝐶 = 𝜇𝐺(𝑛𝐺𝐶) +
𝑒2(𝑛𝐺𝐶−𝑛0)
𝜖𝑊𝑆𝑒2𝜖0
𝑡𝑊𝑆𝑒2    (2.4) 
∆𝐸𝑉 = 𝜇𝐺(𝑛𝐺𝑉) +
𝑒2(𝑛𝐺𝑉−𝑛0)
𝜖𝑊𝑆𝑒2𝜖0
𝑡𝑊𝑆𝑒2    (2.5) 
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The green symbols in figure 2.7(b) mark the points at which the values of nGC and 
nGV are experimentally determined; the orange symbol marks the VBG = 0 V point, where 
n0 is extracted. Because of the finite hysteresis as a function of VBG, we use the VBG up-
sweep, during which the traps at the SiO2-WSe2 interface remain unfilled up to WSe2 
conduction band population threshold for the purpose of calculating the band offsets. Using 
equations (2.4) and (2.5), and experimental data from two samples with WSe2 thickness of 
9.8 nm (14 layers) and 10.5 nm (15 layers) from Device #4 and #6, we obtain ∆𝐸𝐶 =
0.54 ±  0.04 eV and ∆𝐸𝑉 = −0.77 ± 0.05 eV, and a corresponding WSe2 bandgap of 
𝐸𝐺 = ∆𝐸𝐶 + |∆𝐸𝑉| = 1.31 ± 0.09 eV. Using the graphene work function of 4.56 eV [49, 
50], we calculate an electron affinity for WSe2 of 4.06 ± 0.09 eV. 
2.5 RAMAN PHOTO-LUMINESCENT MEASUREMENT 
 
Figure 2.8 (a) PL measurements on WSe2 flakes from monolayer to bulk. Peaks associated 
with direct and indirect transitions are marked with ‘D’ and ‘I’, respectively. 
(b) Illustration of band alignment summary of graphene and WSe2.    
Figure 2.8(a) shows photo-luminescence (PL) measurement on WSe2 flakes with 
different thicknesses, ranging from monolayer to more than 10 layers, measured at room 
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temperature. The direct gap transition and indirect gap transitions are labeled as D and I, 
respectively. The indirect gap value determined from electrical characteristics of graphene-
WSe2 heterostructures with tWSe2 above 5 nm is relatively in good agreement with the PL 
measurement. Figure 2.8(b) summarizes the graphene-WSe2 band alignment information, 
including the electron affinity values.  
2.6 SUMMARY 
In summary, we introduce two types of heterostructures using graphene and WSe2. 
By investigating their electrical characteristics, we determine key heterostructure 
properties, such as WSe2 dielectric constant and WSe2-graphene band information. These 
properties are instrumental in designing new device applications, such as graphene-WSe2-
graphene interlayer tunneling FETs [11] similar to the graphene-hBN heterostructures [51-
53].  
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Chapter 3: Van der Waals Heterostructures with High Accuracy 
Rotational Alignment 
In this Chapter, we introduce various transfer techniques using a polymer pick-up 
stamp, called hemispherical handle substrate. These techniques benefit the realization of 
van der Waals heterostructures with an accurate rotational alignment between the 2D 
layers. To prove the accuracy of the transfer technique, we demonstrate a rotationally 
aligned double monolayer using a sequential pick-up of two monolayer-graphene flakes 
derived from a single crystalline flake. The accuracy is confirmed by various validations 
including Raman spectroscopy, STM measurements, and device measurement of 
transverse E-field induced dual-gated bilayer graphene. Finally, to illustrate the 
applicability of the technique, we fabricate resonant tunneling double bilayer graphene 
heterostructures using hBN as an interlayer dielectric. Thanks to rotational alignment of 
the two graphene bilayers in such heterostructures, the interlayer tunneling shows well 
defined resonances associated with energy and momentum conserving tunneling. The 
tunneling resonances dependence on dielectric thickness shows the interplay between the 
hBN interlayer capacitance, and the finite quantum capacitance of bilayer graphene.2 
3.1 INTRODUCTION  
To best explore the electronic properties of van der Waals heterostructures 
consisting of various 2D materials, such as graphene, hBN, and TMDs, a clean process of 
stacking layers that minimizes or eliminates the incorporation of residues at the interface 
is required; therefore, a layer-by-layer transfer technique needs to be developed further to 
                                                 
2 This work has been published as Ref.[54] K. Kim, M. Yankowitz, B. Fallahazad, S. Kang, H. C. P. 
Movva, S. Q. Huang, et al., "van der Waals Heterostructures with High Accuracy Rotational Alignment," 
Nano Letters, vol. 16, pp. 1989-1995, Mar 2016. The dissertator, K. Kim, fabricated the heterostructures 
devices, performed the electrical characterization, and contributed to data analysis and writing the paper. 
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fulfill this requirement and significantly improve the cleanness at the interface between the 
layer. Although we successfully achieve the first and the most important requirement for 
stacking van der Waals heterostructure, which is to produce a clean interface between them, 
another degree of freedom during stacking, which is to control the crystal axes rotational 
alignment and registration of successively transferred layers, has been challenging. The 
latter ingredient, while ubiquitous in epitaxially grown heterostructures, is arguably an 
important obstacle in realizing electronically coupled, crystallographically registered van 
der Waals heterostructures using a layer-by-layer transfer approach.   
3.2 REALIZATION OF ROTATIONALLY ALIGNED DOUBLE MONOLAYER GRAPHENE 
The rotational alignment of the crystal axes in van der Waals heterostructures 
realized by successive layer transfers has been achieved thus far by using the straight edges 
of the flakes as crystallographic references. For example, the straight edges of 
mechanically exfoliated graphene flakes are assumed to be parallel to the zigzag or 
armchair crystal orientations, and they can be differentiated from each other using 
polarized Raman spectroscopy [55]. Although this method may provide a straightforward 
and non-destructive way to determine the crystal orientation of the graphene flakes, the 
precision for accurate rotational alignments is limited because the edges are not always 
straight, nor purely zigzag or armchair, but often a mixture of both zigzag and armchair 
segments, complicating the crystal axes identification. In addition, the finite edge size 
combined with optical resolution challenges limits the angle determination accuracy to 
about 2º for typical flake sizes. Here, we introduce a transfer technique that provides a 
better control of the heterostructure fabrication, and, in particular, allows for accurate 
crystal axes alignment. The new technique does not impose any limits on the size or shape 
of the flakes as it relies solely on well-defined metallic alignment marks (200µm apart 
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Cr/Pt marks) on the substrate instead of the straight edges of the flakes for the accurate 
rotational alignment. We illustrate the technique by realizing Bernal stacked bilayer 
graphene using successive transfers of two monolayer graphene flakes with rotationally 
aligned crystal axes. 
3.2.1 Hemispherical handle substrate 
 
Figure 3.1 (a) Illustration of the hemispherical handle substrate used for selective flake 
pick-up and transfer. (b-e) Schematic [panel (b, c)], and corresponding optical 
micrographs [panel (d, e)] of the flake pick-up procedure. The handle 
substrate is brought into contact with an exfoliated hBN flake [panel (b, d)]. 
The contact area marked by black dashed line is approximately 100 μm2. (c) 
Schematic, and (e) optical micrograph of the hBN transfer to a handle 
substrate.  
Figure 3.1(a) illustrates the hemispherical, bulb-like handle substrate that can be 
fabricated from a small epoxy or polydimethylsiloxane (PDMS) droplet deposited onto a 
transparent base substrate, such as glass or a planar PDMS mold. The contact area between 
the handle substrate and the flake is determined by the hemisphere radius and contact force, 
and can be as small as 50 μm2. The hemisphere can be coated with an adhesion-improving 
polymer, such as PMMA, PVA, or polypropylene carbonate (PPC). Figures 3.1(b, c) 
SiO
2
 
Si 
Glass 
10
0μ
m 
(a) 
100μm 
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(d) (e) 
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schematically illustrates the selective flake pick-up using a hemispherical epoxy handle, 
along with an example of an hBN flake pick-up shown in figure 3.1(d, e)  
To make a hemispherical handle substrate, we use commercially available epoxy 
(M-bond 610, SPI Supplies) to make a hemispherical shape on a glass substrate. We use a 
toothpick or a narrow-end pipette to create the hemispherical shape of the epoxy.  
 
Figure 3.2 Preparation of hemispherical handle substrates. (a) Schematic describing a 
creation of hemispherical shaped epoxy on a glass substrate using a pipette. 
(b) Picture of the epoxy on 1 cm diameter glass substrate after curing. (c) 
Picture of the hemispherical PDMS on the planar PDMS mold that is attached 
on 1 inch square glass substrate.  
Figure 3.2(a) is a schematic of an example placing an epoxy droplet using a narrow-
end pipette. After placing the epoxy droplet on a glass substrate, it requires at least 24 hours 
to cure it completely. For the second type of hemispherical handle substrate, we use a 
hemispherical PDMS droplet on a pre-made planar PDMS mold. The PDMS solution is 
made by a mixture of Sylgard 184 prepolymer and curing agent in a 10:1 molar % ratio. 
To form a hemispherical PDMS, a sharp tip is coated with the PDMS solution, followed 
by a soft contact with the pre-made planar PDMS as shown in figure 3.2(c). Since PDMS 
and M-bond 610 epoxy have different hardness after curing is done, the use of these two 
types of handle substrates can also vary. We find that a handle substrate that used PDMS 
is softer than the one that used epoxy when we make a contact during pick-up. As a result, 
the PDMS hemispherical handle substrate has a wider contact area with a less contact force, 
(a) (b) (c) 
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compared to the one that used epoxy, which results in a smaller contact area a with stronger 
contact force. The right handle substrate is chosen to optimize the pick-up and transfer 
processes based on the pick-up flakes and the conditions of the exfoliated/transferred 
substrate. 
 
Figure 3.3 Process flow schematics of heterostructure transfer from the handle to a 
secondary substrate. The last layer picked-up becomes the top-most on the 
secondary substrate (stacking order reversed). (a) Handle substrate with m-
bond epoxy. (b) Spin-coat PVA on handle substrate (c) PVA, a water-soluble 
polymer is used as an adhesive polymer for individual layer pick-up. (d) Spin-
coat PMMA on PVA-coated handle substrate. (e) Handle substrate placed on 
DI water bath. (f) PMMA membrane floated on the DI water surface. Inset 
schematic: Cross-sectional view of PMMA/heterostructure on DI water. (g) 
PMMA membrane is fished out using a SiO2/Si substrate.  
Figure 3.3(a-e) shows detail illustrations of the transfer technique process using 
hemispherical handle substrate with water soluble PVA as an adhesive pick-up polymer. 
The key concept in this process is that the last layer picked-up becomes the top-most layer 
(reverse stacking) on the secondary substrate as a result, which allows to prove the top 
surface of the layer, such as in i.e. STM measurement.  
After preparing the hemispherical handle substrate [figure 3.3(a)], PVA is spun on 
handle substrate followed by 2 minutes bake at 90°C. After sequential layer pick-up is 
completed using PVA as an adhesive polymer at 70°C, PMMA is spun on 
heterostructure/PVA followed by 2 minutes bake at 90°C. Because PVA is water soluble, 
PVA 
DI Water 
(a) 
SiO
2
/Si 
sub  
(b) (c) (d) 
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Handle Sub 
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by placing the handle substrate on distilled (DI) water bath, only PMMA membrane with 
heterostructure underneath floats on water [figure 3.3(f)]; inset shows cross-sectional 
schematic of heterostructure underneath the PMMA membrane. We note here that during 
layer pick-up processes, we start the pick-up sequence with hBN flake, which can protect 
the active channel layers from DI water. Above sequence allows active layers to be 
sandwiched between hBN and PMMA. To complete the heterostructure fabrication, we 
fish-out the PMMA membrane using secondary SiO2/Si substrate, then let it dry until DI 
water is completely removed from underneath the PMMA. Finally, we place the substrate 
in the acetone bath to remove PMMA followed by 350°C UHV annealing to remove 
PMMA residues. 
 
Figure 3.4 Process flow schematics of heterostructure transfer from the handle to a 
secondary substrate. The first layer becomes the top-most on the secondary 
substrate (stacking order maintained). (a) Handle substrate with m-bond 
epoxy on (b) Spin-coat PVA on handle substrate (c) Spin-coat PMMA on 
PVA/handle substrate. (d) PMMA is used as an adhesive polymer for the layer 
pick-up. (e) Handle substrate placed on DI water bath. (f) PMMA membrane 
floated on the DI water surface. Inset schematic: Cross-sectional view of 
heterostructure/PMMA on DI water. (g) PMMA membrane fished out using 
glass substrate with a 3 mm hole. (h) Transfer heterostructure on a SiO2/Si 
substrate using mask-aligner. 
Following two figures [figure 3.4 and 3.5] are examples of transfer processes, 
which allow the layer picked up last to become the bottom most layer (maintaining the 
PVA 
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DI Water 
Handle Sub 
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2
/Si sub 
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(g) (f) (e) 
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stacking order) in the heterostructure. These methods are widely used for the 2D devices 
containing hBN encapsulated active layer in the heterostructures. Figure 3.4(a-e) is 
schematics describing the transfer technique using PMMA as an adhesive polymer during 
heterostructure fabrication. After PMMA, the hemispherical handle substrate, is ready 
[figure 3.4(a)], PVA is spun (2000 rpm for 2 mins) on the handle substrate followed by 2 
minutes bake on a hop-plate at 90oC. After the cool-down, the handle substrate is spun 
again (2000 rpm for 2 minutes) on PVA followed by hot-plate bake for 2 minutes at 90oC. 
Now, the handle substrate is ready for the layer pick-up using PMMA as an adhesive 
polymer [figure 3.4(c)]. After sequential layer pick-up processes are completed using 
mask-aligner, it is placed on water bath to dissolve PVA. The difference here compared to 
a process illustrated in figure 3.3 is seen in the inset figure 3.4(f); now the heterostructure 
is on top of the PMMA, while in the figure 3.3(f) inset, the heterostructure is underneath 
the PMMA. To complete the heterostructure fabrication, we fish-out the PMMA membrane 
using a glass with a 5 mm hole, then place the heterostructure with PMMA on a new 
secondary SiO2/Si substrate. After heterostructure is transferred to a new substrate, the 
sample is placed in the acetone bath to remove the PMMA followed by 350°C UHV 
annealing to remove PMMA residues.  
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Figure 3.5 Process flow schematics of heterostructure transfer from the handle to a 
secondary substrate (Heterostructure transfer process #3). The first layer 
becomes the top-most on the secondary substrate (stacking order maintained). 
(a) Handle substrate with hemispherical PDMS on planar PDMS. (a-d) 
Schematics describing two sequential layers pick-up using PPC as an 
adhesive polymer. (e) Place a new secondary substrate for a transfer (f, g) 
PPC and heterostructure detached from handle substrate and transferred to a 
new substrate.  
 Similarly to figure 3.4 process, where the stacking order of heterostructure on a 
new secondary SiO2/Si substrate is maintained, figure 3.5(a-g) describes the same purpose 
transfer technique but with reduced numbers of steps, thanks to PPC adhesion property, in 
which polymer adhesion dramatically changes with temperature. Here, we use PDMS 
hemispherical ball as a base handle substrate. During the pick-up process, we park the 
temperature at 40~50oC, which is the a proper temperature for pick-up with a strong PPC 
adhesion. After entire pick-up sequences is complete, we raise the temperature above 90oC, 
where adhesion of the PPC gets weaker, and eventually PPC (with stacked layers) detaches 
from PDMS so it can transfer to a new substrate. Using the method in figure 3.5, we are 
able to skip the processes described in figure 3.4(e-g). 
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3.2.2 Device fabrication 
 
Figure 3.6 Rotationally aligned graphene double layer realized by successive transfers from 
a monolayer graphene using a hemispherical handle substrate. (a, e) 
Schematic of layer pick-up. The red box represents a zoom-in view of the 
hemispherical handle substrate bottom most point. (b-d) Schematics, and (f-
h) corresponding optical micrographs of successive stacking steps. Panel (b, 
f) illustrate a partial contact of the handle with the bottom graphene. Panel (c, 
g) show the handle substrate release with one graphene section detached. 
Panel (d, h) illustrate the second contact with the handle translated laterally 
to create an overlap region of the two graphene layers. Because the two 
graphene layers are obtained from a single grain, their principal crystal axes 
remain aligned if the handle is not rotated with respect to the bottom substrate.    
Figure 3.6(a-d) describes the process flow of a van der Waals heterostructure 
consisting of two rotationally aligned monolayer graphene flakes, along with the 
corresponding optical micrographs [Figure 3.6(f-h)]. This heterostructure is chosen 
because the rotational alignment between the two layers can be probed post fabrication by 
Raman spectroscopy, or STM. To create a rotationally aligned double monolayer graphene, 
we first exfoliate monolayer graphene and hBN on separate SiO2/Si substrates. The 
monolayer graphene is confirmed by optical contrast and Raman spectroscopy. A 
hemispherical handle consisting of PVA coated epoxy is used to first pick-up the hBN 
flake, which serves as a substrate of the van der Waals heterostructure. The hBN is then 
aligned partially with a graphene monolayer on SiO2/Si under an optical microscope, the 
(e) 
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(f) 
10 μm 
(g) 
10 μm 
(h) 
(a) (b) (c) (d) 
hBN 
Graphene  
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hemispherical handle is brought in contact with the substrate, and subsequently detached. 
Thanks to a stronger van der Waals bonding between graphene and hBN on one hand, and 
graphene and polymer on the other, the monolayer graphene flake is sectioned, and the area 
making contact with the hBN is selectively detached as shown in the illustration of figure 
3.7(a, b). 
 
Figure 3.7 Selective graphene pick-up from monolayer graphene using a hemispherical 
handle substrate; a key process of fabricating rotationally aligned graphene 
double layer. (a) Schematic of cross-section view of hemispherical handle 
substrate. Red dashed line indicates contact area between hemispherical 
handle substrate and flake exfoliated substrate. (b) Schematic of selective 
graphene pick-up using different van der Waals force between hBN-graphene 
and adhesive polymer-graphene. 
Next, the hemispherical handle is translated laterally, brought in contact with the 
substrate and detached, in order to pick-up the remaining graphene section [figure 3.6(d)]. 
Thanks to the single crystal nature of the monolayer graphene, combined with spatial 
translation of the transfer process, the two graphene monolayers are expected to have 
rotationally aligned crystal axes. 
3.3 CHARACTERISTICS OF ROTATIONALLY ALIGNED DOUBLE MONOLAYER GRAPHENE 
To validate the rotational alignment accuracy of the technique, we perform three 
different methods of Raman spectroscopy, STM, and E-field induced resistance 
measurement and see whether rotationally aligned two monolayer graphene behaves 
similarly to the natural AB stacked bilayer graphene or not.  
Polymer / hBN / Graphene 
Graphene on SiO
2
 
(b) (a) 
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3.3.1 Raman spectroscopy measurement 
 
Figure 3.8 Raman spectroscopy characterization (a) Optical micrograph of rotationally 
aligned double monolayer graphene on hBN heterostructure. The blue and red 
dashed lines mark the boundaries of two monolayer graphene flakes. (b) 
Contour plot of the Raman 2D band FWHM corresponding to the optical 
micrograph of panel (a). The data show a significantly wider 2D band in the 
overlap region in comparison to the non-overlapped regions. (c) Example of 
Raman spectra acquired at the locations marked in panel (b). The spectra at 
locations (1) and (3) show a 2D band FWHM of 25 cm-1, while the spectrum 
at location (2), in the overlap region has a 2D band FWHM of ~50 cm-1. The 
2D band spectra at locations (1) and (3) can be fit with a single Lorentzian, 
while the spectrum at location (2) is best fit by four Lorentzians, consistent 
with Bernal stacked bilayer graphene. 
Figure 3.8 describes the results of the Raman spectroscopy measurements on the 
rotationally aligned double monolayer graphene heterostructure shown in the figure 3.6, 
after it is transferred onto a SiO2/Si substrate with the graphene layers facing up using the 
PVA as an adhesive polymer following the steps described in figure 3.3. Figure 3.8(a) 
shows the optical micrograph of the two rotationally aligned graphene layers on hBN, 
where the edges of individual graphene flakes are marked with dashed lines. We use the 
graphene 2D band with full width at half maximum (FWHM) in the overlapping region for 
an initial assessment of the rotational alignment between the two monolayer graphene 
flakes. For monolayer graphene, the 2D band FWHM is 24 cm-1, while for a Bernal stacked 
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bilayer graphene, the 2D band FWHM is approximately twice as large (50 cm-1) [56].  
Furthermore, because Bernal stacked bilayer graphene has two electronic energy bands 
near the neutrality point, four distinct scattering processes contribute to the Raman 2D 
band, which is best fit by a superposition of four Lorentzians and is blue shifted in 
comparison to monolayer graphene. The Raman 2D band FWHM of a twisted bilayer 
graphene is expected to be close to the nominal value of a Bernal stacked bilayer for STAs, 
and decrease with an increasing twist angle, albeit not monotonically [57]. Figure 3.8(b) 
shows the Raman 2D band FWHM map of panel (a) sample, measured using a 532-nm 
excitation wavelength with a spot size of 1 µm and a power of 5 mW. Figure 3.8(b) data 
show two distinct regions in the area covered by graphene flakes: One region characterized 
by a 2D band FWHM of ~25 cm-1, corresponding to the non-overlapping sections of the 
monolayer graphene flakes, and one region characterized by a FWHM of ~50 cm-1, 
corresponding to the overlapping section. The 2D band FWHM in the overlapping region 
is consistent with that of Bernal stacked bilayer graphene, suggesting that the rotational 
misalignment between the two graphene layers is small.  
Figure 3.8(c) shows sample representative Raman spectra of the three regions as 
indicated in figure 3.8(b). Each Raman spectrum shows three distinct peaks at ~1364 cm-
1, corresponding to the hBN E2g band, at ~1580 cm
-1, corresponding to graphene G band, 
and at ~2700 cm-1, corresponding to graphene 2D band. The 2D band at spots (1) and (3) 
can be fit with a single Lorentzian peak, as expected for monolayer graphene, while the 2D 
band probed in the overlapping region cannot be fit with a single Lorentzian peak. The best 
fit to the 2D band in the overlapping region is achieved with four Lorentzians, each with 
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FWHM of ~24 cm-1 consistent with the 2D band of Bernal stacked bilayer graphene. We 
note that in spite of the good agreement between the Raman spectra in the overlapping 
region, and that of Bernal stacked bilayer graphene, Raman spectroscopy cannot clearly 
differentiate Bernal stacked bilayer graphene from twisted bilayer with rotational 
misalignment angles smaller than 3 [57].  
3.3.2 Scanning tunneling microscopy measurements 
In order to better quantify the rotational alignment of our van der Waals 
heterostructures, the rotationally aligned double monolayer graphene is investigated using 
SPM. Metal contacts are patterned in order to allow a bias to be applied between the sample 
and the substrate, which serve as a back-gate. We characterize this sample on the atomic 
scale using STM and spectroscopy. All the STM measurements are performed in UHV at 
a temperature of 4.5 K.  
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Figure 3.9 Atomic-scale topographic and electronic characterization. (a) STM topography 
of the bilayer region of the sample. No moiré pattern is observed, indicating 
that the two graphene layers are perfectly aligned. The scale bar is 30 nm. 
Atomically resolved topography of the (b) monolayer and (c) bilayer regions 
of the sample. The appearance of the atomic lattice is easily distinguishable 
and appears hexagonal in the monolayer region and triangular in the bilayer 
region. The scale bar is 1 nm for both. The sample voltage is +300 mV, and 
tunnel current is 150 pA for all images. Normalized (dI/dV)/(I/V) 
spectroscopy as a function of gate voltage acquired on the (d) monolayer and 
(e) bilayer regions of the sample. The white dotted lines roughly mark the 
position of the (d) Dirac point and (e) charge neutrality point.  
Figure 3.9(a) shows a 200 nm by 200 nm topographic map taken on the overlapping 
bilayer region of the sample. No moiré pattern is observed, indicating the two layers of 
graphene are in essentially perfect rotational alignment. We acquired atomically resolved 
topography to further characterize the difference between the monolayer and bilayer 
regions in figures 3.9(b, c), respectively. The topography is easily distinguishable between 
the two, with the monolayer region appearing hexagonal and the overlapped, bilayer region 
appearing roughly triangular as anticipated for Bernal-stacked bilayer graphene [58]. 
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Finally, we examine the spectroscopic signatures of both the monolayer and bilayer 
regions. Differential conductance (dI/dV) spectroscopy measurements were acquired by 
turning off the feedback circuit and measuring the tunneling current (I) while adding a 
small 5 mV signal to the sample voltage (V) at a 563 Hz frequency. Figure 3.9(d) and 4(e) 
show the normalized (dI/dV)/(I/V) spectroscopy as a function of gate voltage in the 
monolayer and bilayer regions of the sample. The white dotted lines roughly mark the 
sample voltage of the minimum signal in the normalized dI/dV plot, representing the 
position of the charge neutrality point. In monolayer graphene, the charge neutrality (or 
equivalently Dirac point) disperses as the square root of gate voltage due to the linear band 
structure of graphene. [59] However, the band structure of Bernal-stacked bilayer graphene 
is quadratic at low energy, so the charge neutrality point is instead expected to disperse 
linearly with gate voltage. Indeed, this is exactly what we observe in the experimental gate 
bias maps. Assuming a back-gate capacitance of 9.5 nF·cm-2, corresponding to the 280 nm 
SiO2 dielectric in series with a 52 nm thick hBN substrate, we extract a Fermi velocity in 
the monolayer region of vF = 1.05  106 m/s. For the bilayer region, the charge neutrality 
point shifts roughly linearly in sample voltage by -1.9 mV per volt on the back-gate. This 
is in reasonably good agreement with prior studies of bilayer graphene [60-62], and 
corresponds to a Fermi velocity of vF = 0.95  106 m/s (assuming an interlayer hopping 
energy 1 = 0.38 eV). Taken together, the topographic and electronic signatures of the 
bilayer region strongly suggest it is in a perfectly aligned, Bernal-stacked configuration. 
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3.3.3 Field induced gap-opening in bilayer graphene 
To further verify the realization of Bernal stacked bilayer graphene by successive 
transfers of rotationally aligned graphene monolayers, we fabricate and characterize dual-
gated device consisting of hBN encapsulated double monolayer graphene van der Waals 
heterostructures. The heterostructures are fabricated with a similar process described in 
figure 3.6 except that we use transfer process described in figure 3.4 instead of figure 3.3, 
so that heterostructures we make maintain the pick-up sequence on a new SiO2/Si substrate. 
 
Figure 3.10 E-field induced band-gap opening of rotationally aligned double monolayer 
graphene. (a) Schematic, optical micrograph, and cross-section view of 
dual-gated FET using rotationally aligned double monolayer graphene as a 
channel. (b) Contour plot of  as function of VBG and VTG at T = 1.5K. n and 
E-field axes are indicated with dashed lines. (c)  vs E measured at charge 
neutrality and at various temperatures from T = 1.4 K to 150 K. 
Figure 3.10(a) shows completed device illustration, optical micrograph, and cross-
section view of its biasing scheme. As shown in the figure 3.10(a), a top-gate electrode is 
defined on the overlap region by EBL followed by metallization of Cr (4nm) / Au (40nm). 
Using the top-gate electrode and PMMA as etch mask, a Hall bar is defined by fluoroform 
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(CHF3) plasma etching. A sequence of EBL, metal deposition, and lift off is used to create 
metal contacts to the graphene bilayer. 
The dual-gated bilayer device allows independent control of the carrier density (n) 
and transverse E-field using VTG and VBG, which in turn provides further insight into the 
bilayer graphene stacking because the resistivity () dependence on total carrier density 
and E-field is distinctly different for a Bernal stacked bilayer graphene compared to a 
twisted bilayer graphene. Indeed, a Bernal stacked bilayer graphene has a parabolic energy-
momentum dispersion with a tunable band-gap as a function of the applied E-field, while 
a twisted bilayer graphene behaves largely as two decoupled graphene monolayers, in 
which the applied E-field displaces the charge neutrality points of the two monolayers. 
Figure 3.10(b) shows the contour plot of  as function of VBG and VTG measured at 1.5 K. 
When measured as a function of charge density, the resistivity has one maximum, evincing 
a single charge neutrality point, which depends linearly on VBG and VTG. Along the charge 
neutrality line the resistivity increases markedly with the transverse E-field, and shows an 
insulating temperature dependence as illustrated in figure 3.10(c) consistent with the band-
gap opening in Bernal stacked bilayer graphene [63-65]. In contrast, a twisted bilayer 
graphene does not exhibit a bandgap opening as a function of transverse E-field,[66] and 
the resistivity at charge neutrality decreases as a function of an applied a transverse E-field 
[67]. We note here that while the layers are rotationally aligned during transfer, their 
translation respect to each other is controlled to within 1 m accuracy, a value much larger 
than inter atomic spacing. Therefore, a natural question here is why the bilayers obtained 
by successive, rotationally aligned transfers are Bernal (A-B) stacked, as opposed to e.g. 
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A-A stacking. We surmise that if the layers are rotationally aligned they will stack 
vertically in the most energetically favorable, Bernal stacking [68] configuration, as 
opposed to A-A stacking. 
3.4 DOUBLE-BILAYER GRAPHENE WITH HBN IN BETWEEN 
To further illustrate the potential of the experimental technique described above, 
we apply it to a double graphene bilayer resonant tunneling field-effect transistor, an 
electronic device in which the rotational alignment of the crystal axes is essential for the 
device functionality. Such devices exhibit a gate-tunable NDR in their inter-layer tunneling 
characteristics, thanks to energy and momentum conservation.  However, because the 
energy band minima in graphene, and other 2D semiconductors are located away from k = 
0, to preserve the translation invariance required for momentum conservation in resonant 
tunneling a high degree of rotational alignment of the two layers is necessary. Indeed, STA 
between the crystal axes of the two layers can yield a large momentum separation of the 
band minima at the corners of the Brillion zones, and consequently suppress resonant 
tunneling between the two layers [10, 69]. In the following, we demonstrate a resonant 
tunneling device using rotationally aligned double bilayer graphene separated by hBN. 
3.4.1 Realization of graphene-hBN interlayer tunneling field effect transistors 
To realize the rotationally aligned double bilayer graphene heterostructure with 
interlayer hBN (IL hBN) in between, we first section a bilayer graphene flake using either 
an AFM tip as shown in the figure 3.11(a) or by EBL trimming followed by O2 plasma 
etching. 
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Figure 3.11 (a) Optical micrograph of a bilayer graphene flake sectioned using AFM tip as 
indicated. (b) Optical micrograph of the rotationally aligned double bilayer 
graphene separated by IL hBN, after the pick-up and transfer sequence. (c) 
Optical micrograph of the device after metal contact deposition. (d) Device 
schematic and biasing scheme.  
After sectioning the bilayer, we pick-up one section of the bilayer graphene, 
followed by a thin hBN flake, and the other section of the bilayer successively. Because 
the two graphene bilayers are obtained from the same single crystal, their crystallographic 
directions remain rotationally aligned as long as the handle substrate is only translated 
during the pick-up sequence. Furthermore, if a substrate rotation is performed at any point 
during the layer pick-up sequence, its accuracy is mainly determined by the aligner 
capabilities, and not the flake size. The entire stack is then transferred onto an hBN flake 
on a SiO2/Si substrate as shown in the figure 3.11(b). Finally, a sequence of EBL, CHF3+O2 
plasma etching, electron-beam evaporation of metal, and lift-off is used to complete the 
device fabrication. An optical micrograph of the rotationally aligned double bilayer 
graphene heterostructure is shown in the figure 3.11(c). Figure 3.11(d) describes the 
schematic of device configuration including biasing scheme. 
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3.4.2 Interlayer tunneling current-voltage characteristics 
 
Figure 3.12 (a) IIL vs VIL at different VBG for rotationally aligned double bilayer graphene 
with two [panel (a)], four [panel (b)], and five [panel (c)] layer-thick IL hBN 
dielectric. Data show distinct tunneling resonance with negative differential 
resistance 
Figures 3.12(a-c) show the interlayer current (IIL) vs interlayer voltage (VIL) 
tunneling characteristics for double bilayer graphene heterostructure, with two, four, and 
five layer-thick IL hBN dielectric, respectively, measured at various VBG, and at a 
temperature T = 300 K. We determine the IL hBN thickness using a combination of AFM, 
interlayer capacitance data, and a comparison of the interlayer resistance (RC) near zero 
bias normalized by area, with previously reported RC as a function of number of hBN layers 
measured in double bilayer graphene devices. [69, 70] The interlayer bias is applied to the 
top bilayer graphene while the bottom bilayer graphene is grounded.  
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Figure 3.13 (a-c) Energy band diagrams corresponding to the primary and secondary 
tunneling resonances at VES = -0.4, 0 , and 0.4 V in panel (a-c), respectively. 
We note the IIL vs VIL traces show two sets of resonance with NDR at |VIL| ≅ 0.1 V 
– 0.2 V and |VIL| ≅ 0.7 V - 0.9 V, with a position that shifts as a function of the applied 
VBG. These resonances stem from momentum-conserving tunneling between the two 
bilayer graphene flakes, and are explained by examining the bilayer graphene band 
structure, which possess two conduction (valence) bands: a lower energy band with a 
minimum (maximum) at the charge neutrality point, and an upper band located at ~0.4 eV 
from the charge neutrality point as described in figure 3.13(a-c) [71]. The primary 
resonances at |VIL| ≅ 0.1 V – 0.2 V are associated with tunneling between the lower energy 
bands of bilayer graphene, [figure 3.13(b)] [69] while the secondary resonances at |VIL| ≅ 
0.7 V - 0.9 V are associated with tunneling between the lower energy band of one bilayer 
and the upper energy band of the opposite bilayer graphene [figure 3.13(a, c)]. 
 3.4.3 Quantum capacitance and interlayer tunneling capacitance 
A comparison of figure 3.12 (a-c) data reveal an interesting and counterintuitive 
dependence of the tunneling resonance on as inter layer dielectric thickness, where the 
secondary resonances occur at a larger VIL in the device with a thinner interlayer dielectric. 
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Moreover, the primary resonances are broader in the device with thinner interlayer 
dielectric. These observations can be explained by considering the interplay between the 
larger interlayer capacitance at reduced dielectric thickness, and the finite quantum 
capacitance of bilayer graphene. Indeed, the secondary resonances occur when the lower 
energy band in one bilayer is energetically aligned with the upper energy band of the 
opposite bilayer, and therefore the electrostatic potential drop across the interlayer 
dielectric (VES) is equal to the separation between the lower and upper subbands (0.4 eV). 
Reducing the interlayer dielectric thickness at a fixed VES leads to an increase in the charge 
density in the two layers, accompanied by a corresponding increase of the layer chemical 
potential. Because the applied VIL is the sum of the electrostatic potential drop and the layer 
chemical potentials, a thinner dielectric requires a larger VIL to observe the secondary 
resonances.  
To quantify the above argument, we write VES = VIL – (B – T)/e, [10, 69] where 
T, and B are the top and bottom layer chemical potential, respectively, measured with 
respect to their charge neutrality point. The primary and secondary tunneling resonances 
occur when VES = 0 V, and VES = ±0.4 V, respectively.  
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Figure 3.14. Primary and secondary tunneling resonances as a function of VIL and VBG, at 
for a two layer (blue), four layer (green), and five layer (red)-thick interlayer 
hBN dielectric.  The symbols (lines) are experimental (calculated) values.  
Using a band structure model for double layers, and experimentally measured 
chemical potential layer density dependence [10, 69]in Fig. 5(g), we show the calculated 
(lines) and experimental (symbols) VIL values for the primary and secondary resonances as 
a function of VBG, for different interlayer dielectric thicknesses. A CBG of 10.5 nF/cm
2, and 
CIL values of 3.10 μF/cm2, 1.80 μF/cm2, and 1.55 μF/cm2, from the device with two, four, 
and five layer-thick IL hBN were used in the calculations.  
3.5 SUMMARY 
In summary, we describe a novel technique to realize rotationally aligned van der 
Waals heterostructures, and illustrate it by creating a Bernal stacked bilayer graphene by 
successive transfers of two monolayers, and also demonstrate gate tunable resonant 
tunneling FETs in double bilayer graphene. The technique has the potential to be scaled up 
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using large area graphene single crystals, [72] or TMDs, and can enable various functional 
van der Waals heterostructures.      
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Chapter 4: Tunable Moiré Band and Strong Correlations in Small-
Twist-Angle Bilayer Graphene 
In this Chapter, we realize bilayer graphene moiré crystals with accurately 
controlled twist-angles smaller than 2 and studied their properties using SPM and electric 
and magnetic field induced transport measurement. Bilayer graphene is expected to have 
anomalous electronic properties when it has long-period moiré patterns produced by small 
misalignments between its individual layer honeycomb lattices. As a result of electron 
transport, we observe conductivity minima at charge neutrality and satellite gaps that 
appear at anomalous carrier densities. These features are robust up to large transverse 
electric fields. In perpendicular magnetic fields, we observe the emergence of a Hofstadter 
butterfly in the energy spectrum, with four-fold degenerate LLs, and broken symmetry 
QHSs at filling factors  =  1, 2, 3. Additionally, we measure a non-local resistance 
measurement to observe topological current in STA bilayer graphene caused by broken 
inversion symmetry in moiré crystal structures.3 
4.1 INTRODUCTION 
Moiré patterns form when nearly identical 2D crystals are overlaid with a small 
rotation [12-14, 74]. The electronic properties of moiré crystals depend sensitively on the 
ratio of the interlayer hybridization strength, which is independent of twist angle, to the 
band energy shifts produced by momentum space rotation [19, 66, 75-80]. In bilayer 
graphene, this ratio is small when twist angles exceed about 2 [78, 81], allowing moiré 
                                                 
3 This work has been published as Ref.[73] K. Kim, A. DaSilva, S. Huang, B. Fallahazad, S. Larentis, T. 
Taniguchi, et al., "Tunable moiré bands and strong correlations in small-twist-angle bilayer graphene," 
Proceedings of the National Academy of Sciences, vol. 114, pp. 3364-3369, 2017. The dissertator, K. Kim, 
fabricated the heterostructures devices, performed the electrical characterization, and contributed to data 
analysis and writing the paper. 
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crystal electronic structure to be easily understood using perturbation theory [66]. At 
smaller twist angles, electronic properties become increasingly complex.   
 
Figure 4.1 (Figure adopted from Ref. [27]) Twisted bilayer band velocity at the Dirac point 
𝑣* plotted as function of  𝛼2,  where 𝛼 = 𝑤/𝑣𝑘0 for   from 0.18° to 1.2°. 
The velocity vanishes at   = 1.05°, 0.5°, 0.35°, 0.24° and 0.2°. 
Figure 4.1 explains extremely flat bands, which appear in twisted bilayer graphene 
at a series of magic angles with the largest degree of 1.05 followed by 0.5° and 0.35°. Flat 
bands in 2D electron systems, for example the LL bands that appear in the presence of 
external magnetic fields, allow for physical properties that are dominated by electron-
electron interactions, and have been a friendly territory for the discovery of fundamentally 
new states of matter. In this chapter, we realize the bilayer graphene moiré crystals with a 
carefully controlled STA.  
4.2 MOIRÉ  BLOCH BANDS IN TWIST BILAYER GRAPHENE 
The first Brillouin zone (BZ) of monolayer graphene is hexagon in reciprocal space. 
When a second layer is added on top of the first layer with a twist angle (𝜃), the two BZs 
corners are displaced from each other by a wave-vector 𝛥𝐾 = 2𝐾𝑠𝑖𝑛 (𝜃 2)⁄ .  
 45 
 
Figure 4.2 (a) Schematic of the first BZ of each graphene layer and of the moiré BZ by 
twist angle between the two graphene layers in reciprocal space. (b) 
Illustration of the local stacking in twisted bilayer graphene in real space. AB, 
BA, and AA stacking configurations are marked by blue, orange, and red 
circle. 
In the figure 4.2(a), K is the magnitude of the reciprocal lattice vector at the BZ 
corner at which the gap between conduction and valence bands closes in graphene. This 
relative rotation between the layers leads to a new BZ called moiré BZ with reciprocal 
lattice vectors that are proportional to the twist angle. In real space, the rotation between 
the two graphene layers is manifested by a long wavelength moiré pattern with, 𝜆 =
𝑎
2𝑠𝑖𝑛(𝜃 2)⁄
 where a is the graphene lattice constant. Within the moiré pattern unit cell, the 
local bilayer stacking configuration varies by AB, BA, and AA-like stackings marked by 
blue, orange, and red respectively in the figure 4.2(b). Gradual changes between AA-like 
regions where the real space hexagons lie nearly on top of each other, and alternating AB 
and BA, which are the Bernal stacking configured regions where half the lattice points of 
one layer are in the middle of the hexagonal plaquettes of the other are readily recognized 
in the generically non-crystalline structure. 
A good starting point for thinking about the electronic properties of STA bilayer 
graphene in the non-perturbative regime is to employ the electronic structure that adds 
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interlayer tunneling to individual layer Dirac models, and accounts for the structural moiré 
pattern illustrated in the figure 4.2(b) through a corresponding spatial pattern in the 
sublattice dependence of tunneling. This model does not account for atomic relaxations in 
the individual layer honeycomb lattices, which are certainly present, or for electron-
electron interactions. Because it has the periodicity of the moiré pattern, this model is 
relatively easily solved numerically by taking an advantage of translational symmetry, and 
yields (moiré) bands in a momentum space BZ defined by the moiré pattern. In theory, 
each band in the moiré BZ accommodates 4 electrons per moiré period when spin-valley 
degrees of freedom are included.  
 
Figure 4.3 Calculated moiré energy band diagram at twist-angle θ = 2°, 1°, and 0.7° for 
(a-c), respectively. The lowest energy bands above and below charge 
neutrality are shown in blue and red, respectively.    
Figure 4.3(a-c) show the model’s predictions for different twist angles where we 
see that even for twist angles as small as  2 (  ) the Dirac cones (linear band 
crossings) of the isolated layers, centered at K and K′ respectively, are still recognizable. 
The van Hove singularity that appears at the mid-point between K and K′ is an important 
feature of twisted bilayer graphene’s electronic structure in the perturbative regime and 
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produces observable features in the tunneling density of states (TDOS). The gap between 
conduction and valence bands is largest at the moiré BZ center (). For twist angles smaller 
than  2 however, the low-energy band structure begins to depart qualitatively from the 
perturbative limit, becoming highly sensitive to twist angle. The moiré bands at the first 
magic twist angle (≈1) are illustrated in figure 4.3(b), where we see that the lowest 
conduction and valence bands are extremely flat, and nearly degenerate at the  point, 
where some higher energy bands are also present at low energy. For twist angles below the 
first magic angle, the low-energy bands seem to partially recover their perturbative regime 
form, except that a second pair of flat bands appears at low energy as shown in figure 
4.3(c).   
4.3 SAMPLE PREPARATION 
Two types of sample fabrication processes are introduced here to experimentally 
investigate the electrical properties of STA bilayer graphene. They are hBN encapsulated 
and channel exposed STA bilayer graphene devices for electron-transport and SPM 
measurements, respectively. The key difference between the two fabrication processes is 
to reverse (use transfer process described in Chapter 3, figure 3.3) or to maintain (use 
transfer process described in Chapter 3, figure 3.4 and 3.5) the stacking order after 
sequential pick-up steps of hBN and graphene flakes. For all of the samples, we use 
hemispherical handle substrate, which allows an individual flake to be partially detached 
from a substrate while leaving flakes in its immediate proximity intact. 
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4.3.1 Device fabrication of STA bilayer graphene 
 
Figure 4.4 (a) Optical micrograph showing a single graphene flake, subsequently split into 
two sections along the dotted line. (b, c) Schematic illustrations of the first 
section detaching from the substrate using a hemispherical handle followed 
by the second section pick-up from the substrate. The substrate is rotated by 
a small angle between the two steps. Because the two flakes stem from the 
same graphene domain, STA is introduced between the crystal axes of the 
individual layers. (d) Optical micrograph of an hBN encapsulated STA 
bilayer graphene van der Waals heterostructure. (e) Optical micrograph after 
top-gate (Cr/Au) deposition is completed. (f) Optical micrograph of 
completed device after side-contact metallization (Cr/Pd/Au).   
Figure 4.4(a-f) shows schematic illustrations and optical micrographs describing 
hBN encapsulated device fabrication processes. The sample fabrication begins with micro-
mechanical exfoliation of graphene and hBN flakes on separate SiO2/Si substrates. 
Monolayer graphene is then identified using optical contrast and Raman spectroscopy 
measurement of 2D band with FWHM, while atomic force microscope is used to determine 
the hBN thickness and to probe the surface topography. Once exfoliated flakes are ready, 
we start with a single graphene flake and split it into two separate sections as indicated in 
figure 4.4(a). Sectioning the graphene flakes can be done by either AFM tip or EBL + O2 
plasma etching. Once two graphene flakes are ready from single crystalline flake, we need 
10 m 
(a) (b) (c) 
10 m 10 m 10 m 
(d) (e) (f) 
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to prepare the hemispherical handle substrate. The handle substrate is first coated with an 
adhesive polymer of PMMA or PPC. After its adhesive polymer is spun on the handle 
substrate, the STA bilayer graphene heterostructure is fabricated using a series of angle 
resolved transfers, as illustrated in figure 4.4(b, c). The separated flakes are sequentially 
picked-up by an hBN flake attached to the hemispherical handle. 
 
Figure 4.5 (a, b) The example of a 1o rotation control using two alignment marks. The 
separation between the metal alignment marks is 200 μm. After a section of 
the flake is picked-up, the bottom substrate is rotated by a desired angle, while 
the transfer handle remains stationary. (c) Schematic illustration of the moiré 
pattern formation as a result of the twist angle between the two layers.  
During the sequential pick-up of the two graphene flakes, the substrate is rotated 
by a small angle that can be controlled to 0.1 accuracy between the first and the second 
graphene flake pick-up. The 0.1 accuracy is achieved by the precise rotational control of 
the mask aligner (MJB4) and by referencing the two graphene layers using relatively large 
distance (200 µm), which separates metal (Cr/Pt) alignment marks as shown optical 
micrograph images in the figure 4.5(a, b). Because the two graphene sections stem from 
the same crystal grain, they have crystal axes that are aligned at the onset. The substrate 
rotation yields a controlled twist between the two graphene layers and forms a moiré crystal 
+ = 
20 µm 
(c) 
(a) (b) 
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as described in figure 4.5(c). After the flake pick-up sequence and transfer is completed, 
UHV annealing at 350 C was performed to remove polymer residues [figure 4.4(d)]. 
Because STA bilayer graphene is encapsulated by two hBN flakes, the twist angle between 
the STA bilayer graphene is largely displaced instead of reconstructing as Bernal stacking 
configuration. To complete the device, EBL followed by Cr (5nm) / Au (40nm) electron-
beam evaporation is performed to define the top-gate of the device [figure 4.4(e)]. Then, a 
2nd EBL and CHF3 + O2 plasma etching step is used to define a multi contact hall-bar 
shaped device. To contact the STA bilayer graphene device, we use Cr (2nm) / Pd (20nm) 
/ Au (40nm) edge metal contacts [figure 4.4(g)]. 
 The samples used for the SPM measurements are fabricated similarly to the method 
described above with a main difference that the STA bilayer graphene does not have a top-
gate stack. We use PVA as an adhesive polymer on hemispherical handle substrate during 
the fabrication steps, and as a result, we can reverse the stacking order, in a way so that it 
allows to probe the channel by STM tip. In the process, because the two layers of STA 
bilayer graphene have a tendency to rotate and form a Bernal stacked bilayer graphene 
during annealing [54], EBL followed by Cr (5nm) / Au (50nm) metal deposition are 
performed prior to the UHV anneal to secure the flakes onto the bottom substrate and to 
define the metal contacts for a measurement.     
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4.4 CHARACTERIZATION  
4.4.1 Conductance measurement in STA bilayer graphene 
 
Figure 4.6 (a, b) Rxx vs VTG (bottom axis) and n (top axis) at T = 0.3 K for STA bilayer 
graphene with angles of 0.72º and 0.97º. (c, b) G vs VTG (bottom axis) and n 
(top axis) measured in 0.72º and 0.97º STA bilayer graphene samples at 
different temperatures T = 1.6 K to 70 K. 
Figure 4.6(a, b) are two samples shown longitudinal resistance (Rxx) as function of 
VTG (bottom axis) and n (top axis) at base temperature of 0.3 K, and figure 4.6(c, d) show 
the four-point conductance (G) vs VTG data measured in an STA bilayer graphene device 
at different temperatures (T) with twist angle at 0.7º and 0.97º, respectively. The data show 
a local conductance minimum when the carrier density (n) approaches zero (charge 
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neutrality) that is similar to the top-gated monolayer graphene samples. Additionally, two 
pronounced satellite conductance minima are observed at VTG  =  2.2 V ( 3.4 V), 
corresponding to n =  2.51012 cm-2( n =  4.451012 cm-2) for 0.72 (0.97) STA bilayer 
graphene. As temperature increases, conductance minima of neutrality and satellite are 
weaken, and no sharp conductance peaks are visible above 80 K. This observation is quite 
different from the density dependence plot of the conductance expected in either Bernal 
stacked bilayer graphene [24, 82-84] or large angle twisted bilayer graphene [67]. 
Surprisingly, the plot is rather similar to the conductance of graphene closely aligned with 
an hBN substrate [12-14, 74]. We associate the two satellite conductance minima with 
filling the first two bands of states produced by the moiré crystal with electrons or holes. 
Unexpectedly, the satellite conductance minima are more pronounced than for graphene 
on hBN, occur at different carrier densities per moiré period, and have a temperature 
dependence that suggests a gap opened for charged excitations.   
4.4.2 SPM in STA bilayer graphene 
Because we expect a strong dependence of electronic properties on twist angles, it 
is critically important that the angle achieved by the rotation process be directly measured. 
To this end, we employ STM and SPM measurement to examine the topography of the 
long wavelength moiré patterns and their local electronic properties [18, 79, 85-87].  
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Figure 4.7 (a) STM topography image showing = 20.1 nm moiré pattern. The sample 
voltage is 0.3 V and the tunnel current is 100 pA. (b) TDOS at two different 
gate voltages -31 V (black) and +2 V (blue).  The features corresponding to 
the charge neutrality point, and the secondary dips in the TDOS curves are 
marked by solid, and dashed lines, respectively.  (c) TDOS as a function of 
sample voltage and gate voltage. The solid and dashed lines trace the 
movement of the charge neutrality point and the secondary dip in the TDOS. 
The data of panel (a-c) were collected at T = 4.5 K. 
Figure 4.7 (a) shows an STM topography image of a moiré pattern with  = 20.1  
0.6 nm, corresponding to a twist angle of  θ = 0.7 ± 0.03∘. The AA stacked regions appear 
as bright spots, demonstrating that the low-energy TDOS is enhanced at these sites, 
consistent with theoretical studies [26]. To understand the electronic properties more 
deeply, we perform TDOS spectroscopy measurements as a function of position.  The 
spatially averaged results measured at VBG = -31 V applied on the doped Si substrate, such 
that the sample is undoped are shown in figure 4.7(b) (black trace).  We observe two low-
energy TDOS peaks flanking the charge neutrality point (red solid line at the Fermi level), 
followed by two dips in the TDOS marked by red dashed lines. Two additional TDOS 
peaks occur at higher energies. Using the VTG, we tune the carrier density and find that at 
VBG = 2 V the first conduction band TDOS dip aligns with the Fermi level, while the dip 
associated with the charge neutrality point weakens (figure 4.8(c), blue trace).  Using the 
measured moiré unit cell area 𝐴 =
√3
2
𝜆2 and the CBG of 10.8 nF/cm2, we find that the 
(a) (b) (c) 
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conduction band TDOS dip corresponds to a bilayer density of 7.8  0.6 electrons per moiré 
unit cell, corresponding to two electrons for each spin-valley degree of freedom.  
 
 
Figure 4.8 Number of electrons per moiré unit cell as function of twist angle between the 
two graphene layer. Angle extracted from moiré wavelength from STM 
measurement and number of electrons per moiré unit cell is derived from the 
density in TDOS measurement.  
Figure 4.8 is the summary plot of number of electrons per moiré unit cell as a 
function of twist angle measured by SPM, and we verify our observation from four more 
moiré patterns with twist angles ranging between 0.7 - 1 and contrast with observations 
made in the larger twist angle perturbative regime (above 1.2), which show dips near 4 
electrons per moiré unit cell. The complete evolution of the TDOS with VTG is plotted in 
figure 4.7(c). The data show a central peak, which remains near the Fermi level for all gate 
voltages, splits when the sample is at charge neutral (VBG = -31 V), and moves upward in 
energy relative to a more rigid background as the central peak states are occupied. The 
movement of the two dips associated with filling 8 electrons per moiré period are shown 
by the dashed lines for both the conduction and valence bands. These qualitative changes 
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in TDOS shape with carrier density do not occur in isolated graphene sheets or at larger 
twist angles and can be explained only by electron-electron interaction effects. 
4.5 ELECTRON TRANSPORT IN STA BILAYER GRAPHENE. 
Device 
CTG 
(nF/cm2) 
CBG 
(nF/cm2) 
mobility 
(cm2/V·s) 
Aimed  
Angle  
(°) 
moiré  
wavelength 
(nm) 
# of 
electrons 
per 
moiré 
unit cell 
Actual  
Angle 
(°) 
Reference 
(Sample ID) 
#1 152 9.0 22.7 K 0.6 32.6 8 0.43 GG (9) 
#2 174 8.6 7.2 K 0.8 20.1 8 0.72 GG (7) 
#3 147 9.4 37.2 K 1.1 16.5 8 0.86 GG (10) 
#4 211 9.4 20.2 K 1.2 14.5 8 0.97 GG (12) 
#5 282.4 85.7 18.3 K 1.5 9.5 4 1.49 GG (18) 
Table 4.1 Specifications of STA bilayer graphene samples. 
Table 4.1 summarizes the hBN encapsulated STA bilayer graphene samples which 
are used for electron transport measurements. A total of 5 samples are listed here. In all of 
the samples, there is a tendency that the actual angle is 0.1° to 0.2° lower than the aimed 
angle during fabrication steps. During annealing, although samples are hBN encapsulated, 
 56 
STA bilayer graphene layers tends to form Bernal stacking ( = 0), which is the lowest 
energy state. 
 
  Figure 4.9 (a) Rxx vs n measured at T = 1.5 K in STA bilayer graphene with different twist 
angles at θ = 0.43°, 0.72°, 0.86°, and 0.97°. (b) Rxx vs n at different 
temperatures measured in an STA bilayer graphene sample with a moiré 
wavelength  = 14.1 nm corresponding to  = 0.97. (c) Arrhenius plot of G 
measured at the K and  points in the sample of panel (b). The data show an 
activated dependence at elevated temperatures consistent with an energy gap, 
coupled with variable range hopping at low temperatures. 
In figure 4.9(a), we present the four-point longitudinal resistance (Rxx) vs n 
measured in a series of bilayer graphene samples with twist angles  < 1. The data show 
Rxx local maxima at neutrality, along with pronounced satellite Rxx maxima at finite n 
values. Based on the observation in figure 4.8 summary plot of STM measurement data, 
the  values are assigned assuming a carrier density of  8 electrons per moiré unit cell at 
the satellite Rxx. We note that the  values determined using this assumption are smaller by 
0.1 - 0.2 with respect to the relative rotation angle used during the graphene layers 
transfer. We attribute this reduction to a tendency of the two graphene monolayers to rotate 
toward Bernal stacking ( = 0) during the annealing steps that follow the layer transfer as 
shown in summary Table 4.1. This observation is also verified by STM measurements.  
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Figure 4.9(b) shows Rxx vs n in an STA bilayer graphene with  = 0.97, measured 
at different temperatures. The data show insulating temperature dependence at n =  
4.51012 cm-2, suggesting a gap opening at  8 electrons per moiré unit cell and weaker 
temperature dependence at charge neutrality. Figure 4.9(c) summarizes the G vs T-1 values 
at charge neutrality (K), and at n =  4.51012 cm-2 ((+) and (-)). The (+) and (-) data 
can be fit by assuming the combination of activated ቀ 𝐺 ∝ 𝑒−
𝛥
2𝑘𝑇ቁ, and variable range 
hopping (𝐺 ∝ 𝑒−ቀ
𝑇0
𝑇
ቁ
1 3⁄
) conduction processes, with an energy gap 𝛥 = 15 meV, where 
k is the Boltzmann constant and T0 is the fitting parameter. The presence of the transport 
gap is qualitatively consistent with figure 4.7(c) data, and the gap value is comparable with 
the estimated interaction scale for electrons localized in one period of the moiré pattern.  
A potential energy difference between the layers can dramatically change bilayer 
graphene electronic properties, for example, by giving rise to a tunable band gap in Bernal 
stacked bilayer graphene. To reveal the role of a potential energy difference induced by a 
transverse E-field on the transport properties of STA bilayer graphene, in figure 4.10(a-d), 
we show contour plots of Rxx vs VTG and VBG in the  = 0.43, 0.72, 0.97 and 1.49 
samples at T = 1.5 K. In the plot, Rxx maxima are continuously present at charge neutrality 
and satellite at 0, and  8, electrons per moiré unit cell, over a wide range of transverse 
E-fields. Figure 4.11(a-d) replot the same data as a function of the density per moiré unit 
cell (n/n0), and 𝐸 = (𝐶𝑇𝐺 ∙ 𝐶𝐵𝐺 − 𝐶𝐵𝐺 ∙ 𝑉𝐵𝐺)/2𝜀0. 
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Figure 4.10 (a-d) Contour plots of Rxx vs VTG and VBG measured at T = 1.5 K in the STA 
bilayer graphene sample with θ = 0.43°, 0.72°, 0.97°, and 1.49°. We assume 
8 electrons per moiré unit cell in panel (a-c) and 4 electrons per moiré unit 
cell in panel (d).  
 
 
 
 
(a) (b) 
(c) (d) 
θ = 0.43° θ = 0.72° 
θ = 0.97° θ = 1.49° 
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Figure 4.11 (a-d) Contour plots energy (E) as function of n (top axis), n/n0 (bottom axis), 
and transverse E-field at T = 1.5 K in the STA bilayer graphene sample with 
θ = 0.43°, 0.72°, 0.97°, and 1.49°.  
We associate the appearance of satellite resistance peaks with  8 electrons per 
moiré period for twist angles below the first magic angle of 1.05°, instead of  4 electron 
density expected in the perturbative regime [16, 17] of larger angle above magic angle, 
This also align well with our observation from SPM study in figure 4.8. The appearance of 
(a) (b) 
θ = 0.43° θ = 0.72° 
θ = 0.97° θ = 1.49° 
(c) (d) 
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an electron-electron interaction induced pseudo-gap at neutrality can be understood in 
terms of the expected instability of linear band crossings (Dirac bands) in 2D at small Fermi 
velocities. Its insensitivity to a displacement field between the layers can be understood in 
terms of the strong hybridization between layers in low-energy bands at STAs (15, 30).  
4.6 MAGNETOTRANSPORT AND HOFSTADTER BUTTERFLY. 
To better understand the physics in STA bilayer graphene, we measure 
magnetotransport properties of STA bilayer graphene. An example of Rxx and Hall 
resistance (Rxy) vs VTG measured at perpendicular magnetic field (B⊥) of 10 T in an STA 
bilayer graphene sample with   = 0.97 is shown in figure 4.12(a). Figure 4.12(b) shows 
the evolution of the QHSs as a function of E-field examined in the same sample by 
sweeping VTG and VBG at B⊥ = 12 T. The data show that Rxx at neutrality is reduced in an 
applied E-field, suggesting a weakening of the (, s) = (0, 0) state. While the observation 
is similar to the evolution of the lowest orbital LL QHSs in Bernal stacked bilayer graphene, 
which is associated with the spin-to-valley polarized transition. 
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Figure 4.12 (a) Rxx (top panel) and Rxy (bottom panel) vs VTG measured at B = 12 T, and T 
= 1.5 K in an STA bilayer graphene with  = 0.97°. The n values are marked 
for each QHS.  The QHSs with n = ± 4, 8, 12 and s = 0 (s =  8) are marked 
in green (orange).  The QHSs with n = ± 1, 2, 3 are marked in purple. (b) 
Contour plot of Rxx as function of VBG and VTG at B⊥ = 12 T, and T = 1.5 K. 
The QHSs with n = ± 4, 8, 12 and s = 0 (s =  8) are marked in green (orange). 
The energy spectrum of a 2D electron system subject to a spatially periodic 
potential and B⊥ have a fractal structure known as the Hofstadter butterfly, characterized 
by two topological integers: , representing the Hall conductivity in units of e2/h, and s, the 
index of sub-band filling [88-91]. Gaps in the energy spectrum are observed when the 
density n/n0 and the magnetic flux per moiré unit cell (𝜙 ≡ 𝐵𝐴) satisfy the following 
Diophantine equation, where 𝜙0 = ℎ 𝑒⁄  is the quantum of magnetic flux: 
𝑛
𝑛0
= 𝜈
𝜙
𝜙0
+ 𝑠      (4.1) 
 For s = 0, the integer  reverts to the number of electrons per flux quanta, or LL filling 
factor. Conversely, with the limitation of small B⊥, the integer s is the moiré band filling 
factor.  
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Figure 4.13 and 4.14 are the examples of Hofstadter butterfly energy spectrum at 
twist angle of 0.7° and 0.97°. In both figures, we measure Rxx as a function of VTG and B⊥ 
and convert VTG and B⊥ into n/n0 and 𝜙/𝜙0.  
 
 
Figure 4.13 (a) LL fan diagram constructed using the Diophantine equation. The red 
(green) lines represent QHSs observed experimentally in panel (b) at n = ± 4, 
8, 12 and s = 0 (s =  8). The purple lines represent broken-symmetry QHSs 
at n = ± 1, 2, 3 and s = 0 (b) Contour plot of Rxx as a function of 𝜙/𝜙0 and n/n0 
in the sample with θ = 0.7°. Dashed-lines emphasize the development of 
QHSs. The data are measured at T = 1.5 K up to B = 14 T, and at T = 5 K for 
B-fields from 15 T to 34.5 T.  
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Figure 4.14 (a) LL fan diagram constructed using the Diophantine equation. The red 
(green) lines represent QHSs observed experimentally in panel (b) at n = ± 4, 
8, 12 and s = 0 (s =  8). The purple lines represent broken-symmetry QHSs 
at n = ± 1, 2, 3 and s = 0. (b) Contour plot of Rxx as a function of 𝜙/𝜙0 and 
n/n0 in the sample with θ = 0.97°. Dashed lines emphasize the development 
of QHSs. The data are measured at T = 1.5 K up to B  = 14 T, and at T = 5 K 
for B-fields from 15 T to 34.5 T.  
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A representative subset of the QHSs that satisfy equation (4.1) are shown in the 
figure 4.13(a) and 4.14(a) for samples with 0.7° and 0.97°, respectively, and corresponding 
contour plots of Rxx vs normalized density 𝑛 𝑛0⁄  and flux 𝜙/𝜙0 are shown in figure 4.13(b) 
and 4.14(b). The set of topological indices (, s) matching the experimental data is the 
following. For s = 0 and s =  8, QHSs are observed at  =  4. For s = 0, developing QHSs 
are observed at  = 1, 2, and 3. The observation of QHSs at  values that are multiples 
of four is very similar to the QHSs sequence of Bernal stacked bilayer graphene, in which 
orbital LLs have a four-fold, spin and valley degeneracy. On the other hand, the developing 
QHSs at  = 1-3 break the spin and valley degeneracy, and these QHSs can only be 
stabilized by interactions. This observation is consistent with electron-electron interactions 
dominating the transport properties of STA bilayer graphene at B = 0 T. 
4.7 NON-LOCAL RESISTANCE MEASUREMENT IN STA BILAYER GRAPHENE 
In STA bilayer graphene devices, the moiré crystal can produce a topological 
current since its moiré crystal structure breaks the inversion symmetry of the graphene, 
similarly to the graphene on hBN heterostructure devices [92]. To extend our knowledge 
in the STA bilayer, we measure a non-local resistance measurement in the STA bilayer 
graphene devices. 
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Figure 4.15 (a) Schematic and biasing scheme of STA bilayer graphene heterostructure. 
The biasing scheme expresses the set-up for a non-local resistance 
measurement. (b) Rxx (black line) and RNL (red line) measured as a function 
of VTG at 1.5 K. (c) RNL and ROhmic as a function of VTG at the neighboring 
voltage probes of VNL1.   
Figure 4.15(a) shows a device schematic and biasing scheme of the non-local 
measurement in STA bilayer graphene device. As shown in the figure, a charge current (I) 
flows in a parallel direction to the voltage probe and detects voltage drop across the pair 
(VNL) of contacts. The non-local resistance (RNL) is defined as 𝑅𝑁𝐿 =  𝑉𝑁𝐿 𝐼⁄ . Figure 
4.15(b) shows a non-local measurement data in 0.97o twist angle bilayer graphene sample. 
In the figure, four-point resistance (left axis) is measured as a function of VTG and compared 
to the non-local resistance (right axis) as a function of VTG at 1.5 K. As shown in figure 
4.15(c), we observe a significant non-local Dirac resistance (black trace) where the 
resistance shows orders of magnitude higher than the Ohmic contribution (ROhmic) derived 
by van der Pauw relation, 𝑅𝑁𝐿~𝜌𝑥𝑥 exp(−𝜋𝐿 𝑤⁄ ), where L is the distance between current 
path and voltage probes, and w is width of the device. Significantly high RNL without the 
magnetic field applied in the device can be a result of topological current from moiré crystal 
structures.   
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Figure 4.16 Non-local resistance measurement in an STA bilayer graphene with  = 0.97°. 
(a, b) RNL vs VTG while VBG is grounded at T = 1.5 K. (c, d) contour plot of 
RNL as a function of VTG and VBG. Panel (a, c) are resistance and contour plot 
measured at the nearest neighboring voltage probes, and panel (b, d) are the 
next neighboring voltage probes.   
To further validate the evidence of the topological current in our system, we 
investigate the device and measure RNL by inducing E-filed in dual-gated system. As shown 
in the figure 4.15(a, b), two RNL peak resistances at charge neutralities show a clear channel 
length dependence, where we can derive the relaxation length (ξ) based on relation, 𝑅𝑁𝐿 ∝
exp (− 𝐿 𝜉⁄ ). As a result, we derive  ξ~1 μm. Using equation 4.2, we find hall conductivity 
of 𝜎𝑥𝑦 = 0.6 mS.   
𝑅𝑁𝐿 = (
𝑤
2𝜉
) (𝜎𝑥𝑦
𝜈)2(𝜌𝑥𝑥)
3exp (−
𝐿
𝜉
)    (4.2) 
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4.8 SUMMARY 
In summary, we demonstrate controlled moiré crystals with long wavelengths in 
STA bilayer graphene and probe the electronic properties by SPM and magneto-transport.  
The data reveal pseudo-gaps that open at neutrality and  8 electrons per moiré BZ, which 
are robust with respect to an applied transverse electric field and are likely stabilized by 
electron-electron interaction. In high magnetic fields, we observe a Hofstadter butterfly in 
the energy spectrum and broken symmetry states in the lowest LL. Additionally, we 
observe topological current in STA bilayer graphene by breaking inversion symmetry in 
moiré crystal structure.   
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Chapter 5: Twist-Dependent Resonant Tunneling in WSe2-hBN-WSe2 
Heterostructures 
We investigate interlayer tunneling in heterostructures consisting of two WSe2 
monolayers with controlled rotational alignment, separated by hBN. In samples where two 
WSe2 monolayers are rotationally aligned, we observe resonant tunneling, manifested by a 
large conductance and NDR in the vicinity of zero interlayer bias, which stem from energy 
and momentum conserving tunneling. Because the strong spin-orbit coupling splits the 
valence band and leads to coupled spin-valley degrees of freedom, the relative twist 
between the two WSe2 monolayers allows us to probe the role of spin-valley conservation 
in tunneling. In heterostructures where the two WSe2 monolayers have a relative 180°-
twist, such that the BZ of one layer is aligned with the time-reversed BZ of the opposite 
layer, the resonant tunneling between the layers is suppressed. These findings suggest that 
in addition to energy and momentum, the spin-valley degree of freedom is also conserved 
in vertical transport. 4 
 
 
  
 
                                                 
4 This work has been submitted and just accepted as: K. Kim, N. Prasad, H.C.P. Movva, G.W. Burg, Y. 
Wang, S. Larentis, T. Taniguchi, K. Watanabe, L.F. Register, and E. Tutuc, “Spin-conserving resonant 
tunneling in twist-controlled WSe2-hBN-WSe2 heterostructures,” Nano Letters, 
doi:10.1021/acs.nanolett.8b02770. The dissertator, K. Kim, fabricated heterostructures devices, performed 
the electrical characterization, and contributed to data analysis and writing the paper. 
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5.1 INTRODUCTION 
 
An attribute essential to semiconductor heterostructures’ device functionality, but 
which remains largely unexplored for most van der Waals heterostructures, is the coupling 
and transport along the vertical axis. Interlayer, momentum-conserving tunneling in 
rotationally aligned van der Waals heterostructures may enable novel device functionality 
for beyond CMOS low-power, high-speed logic [4, 5], while resonant tunneling in double 
layers separated by a tunnel barrier provides a direct measurement of interlayer coupling 
and the quantum state life-time [93]. Recent progress in realization of twist-controlled van 
der Waals heterostructures [12-15, 17] with precise rotational alignment between 2D layers 
opens interesting avenues to probe new physics and device functionalities. NDR 
characteristics associated with momentum conserving tunneling have been reported in 
graphene-based double layers, such as rotationally aligned double monolayer [8, 94], and 
double bilayer graphene [10, 69] separated by hBN, or double bilayer graphene separated 
by WSe2 tunnel barrier [11]. Theoretical considerations dictate that TMD double layers can 
exhibit gate-tunable NDR with very narrow resonances due to the increase in TDOS [95].   
WSe2 is a prototypical TMD with a honeycomb lattice, which can be isolated down 
to monolayer using micro-mechanical exfoliation and has high intrinsic mobility at low 
temperatures [96]. In the monolayer limit, the band extrema are located at the corners (K 
point) of the hexagonal BZ with a band-gap of approximately 2.0 eV [97, 98]. The strong 
spin-orbit coupling leads to a large valence band splitting of approximately 0.5 eV, with 
each of the valence band at one band extremum possessing the opposite spin [99, 100]. We 
demonstrate resonant tunneling in dual-gated, rotationally aligned double monolayer WSe2 
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heterostructures separated by an IL hBN dielectric, which reveals narrow tunneling 
resonances with intrinsic broadening of 1-3 meV at low temperatures. Remarkably, the 
resonant tunneling is present (absent) in samples where the relative twist between the two 
WSe2 monolayers is an even (odd) multiple of 60°, a finding which can only be explained 
by the conservation of the spin-valley degree of freedom in tunneling.   
5.2 DEVICE FABRICATION 
 
Figure 5.1 Optical micrographs (a-f) and schematics (g-k) of the detailed fabrication 
process of a typical WSe2-hBN-WSe2 heterostructure sample. Panel (a-f) are 
at the same magnification. 
Figure 5.1 describes the fabrication process flow of a dual-gated WSe2-hBN-WSe2 
heterostructure comprising two rotationally aligned monolayer WSe2 electrodes, separated 
by an IL hBN tunnel barrier. Figure 5.1(a-f) shows the optical micrographs and Figure 
5.1(g-k) the corresponding schematics during the fabrication process. Using a layer transfer 
method [54, 101], we first transfer a bottom-gate hBN (B hBN) flake, which serves as the 
bottom-gate dielectric, onto a pre-defined metal local back-gate patterns using EBL, 
electron-beam metal evaporation of Cr/Pt (2 nm/8 nm), and lift-off. After the B hBN is 
transferred, bottom electrodes of Cr/Pt (3 nm/12 nm) are patterned using EBL and electron-
TL-WSe
2
 BL-WSe
2
 Top-hBN Bot-hBN IL-hBN 
10 μm 
Back-gate Bot-contact WSe
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beam metal evaporation [Figure 5.2(a, g)], which serve as p-type contacts to the WSe2 
layers [102]. On a separate SiO2/Si substrate, monolayer WSe2 flakes are exfoliated and 
confirmed using Raman and PL spectroscopy. A suitable monolayer WSe2 flake is chosen 
and transferred onto the Pt contacts meant for the bottom WSe2 electrode in such a way 
that only a partial region of the flake is on the contacts, as shown in figure 5.1(b, h). We 
note here that a relatively large area monolayer WSe2 flake is chosen for the ease of 
trimming in order to obtain both the bottom (BL) and top layer (TL) WSe2 electrodes from 
a single crystal grain. The monolayer WSe2 flake is then sectioned into the individual TL 
and BL WSe2 electrodes using EBL followed by etching in a CHF3 plasma [figure 5.1(c)]. 
Subsequently, we first pick-up a top-gate hBN (T hBN) flake from a separate SiO2/Si 
substrate using a modified half hemispherical PDMS stamp, coated with an adhesive PPC 
layer, and then selectively pick-up only the TL WSe2 [Figure 5.1(d)], followed by a thin 
IL hBN flake, and place the resulting T hBN-TL WSe2-IL hBN stack on the BL WSe2-B 
hBN substrate after precisely controlling the rotational alignment between the TL and BL 
WSe2 at either 0° or 180° [Figure 5.1(e, j)]. A Pd top-gate is finally patterned to cover both 
the top and bottom WSe2 flakes. To complete the device fabrication, we perform two final 
EBL, electron-beam evaporation, and lift-off steps to pattern the Cr/Pd/Au (3 nm/25 nm/40 
nm) metal contacts and bond pads [Figure 5.1(f, k)]. To remove polymer residues 
introduced during the transfer process, we perform the UHV (110-9 Torr) anneal at 350°C 
for 2 hours after each transfer step. 
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5.2.1 Half-cut hemispherical handle substrate 
To improve the accuracy of an angle alignment during fabrication, a transfer 
technique, which involves a simple refinement of the hemispherical handle stamp into a 
half-cut hemispherical stamp, is further developed. The modification shows a significant 
improvement of the selective pick-up accuracy of the two sectioned WSe2 flakes, which 
can advance the control of the rotational alignment between the two monolayer WSe2 
flakes when obtaining two flakes from a large single crystal grain.  
In view of the typical monolayer flake size being only 10-50 μm long along an 
edge, selectively picking-up only a portion of this moderately sized flake becomes 
cumbersome with conventional pick-and-place techniques [101]. While the hemispherical 
handle stamp improves the spatial resolution of pick-up by controlling the contact area, 
manipulating the radius of the contact area is limited laterally to ±10 μm due to the PPC 
heat release polymer being prone to deformation and wrinkling at the contact edge, 
apparent in the form of Newton’s rings at the edges in Figure 5.2(a).  
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Figure 5.2. (a) Optical micrograph and (b) cross section schematic of a typical hBN and 
WSe2 layer pick-up using a hemispherical handle stamp. The black dashed 
line in panel (a) indicates the border of the contact area during pick-up. (c) 
Optical micrograph and (b) cross section schematic of a half-cut 
hemispherical handle stamp during the pick-up process. The red dashed line 
in panel (c) indicates the contact area during pick-up. The insets of panels (a) 
and (c) are optical micrographs of the stamps showing the hemispherical 
portions. The edge of the PDMS stamp is ~ 5 mm long. 
Figure 5.2(c-d) show the optical micrograph and cross section schematic of the half-
cut hemispherical handle stamp, respectively, shown for an example selective flake (hBN) 
pick-up process. By creating a sharp, straight edge midway through the hemisphere, the 
lateral resolution of the contact can be controlled to a much higher accuracy. This is evident 
in figure 5.2(c), where Newton’s rings are absent along the straight edge. The selective 
WSe2 pick-up is done by aligning the straight edge with the separation between the two 
etched WSe2 flakes and picking-up only one without having to worry about the PPC 
Glass 
slide 
SiO
2
/Si 
PPC/PDMS 
20 
μm 20 μm 
50 μm 
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deforming onto the adjacent second flake. Selective pick-up of flakes separated by as little 
as 10 μm is possible due to the half-cut hemispherical handle stamp.  
5.2.2 Accessing large area WSe2 monolayer using Au-mediated exfoliation 
 Another way of improving rotationally aligned heterostructure fabrication process 
is simply to obtain a large area single crystalline grain flake. A large single grain monolayer 
WSe2 flake simplifies the selective pick-up process by easing constraints on the lateral 
pick-up spatial resolution. Typical monolayer WSe2 flakes obtained from conventional 
scotch-tape micro-mechanical exfoliation techniques range between 10-50 m in size. A 
recent Au-mediated exfoliation technique introduced by Desai et al. [103] provides a way 
to obtain much larger flakes. The following discusses the influence of Au deposition rate 
on the quality of flakes obtained using this method.   
 
Figure 5.3. Schematic of Au-mediated exfoliation processes. 
Figure 5.3 shows a schematic process flow of the Au-mediated exfoliation 
technique. In step [1], a bulk WSe2 crystal is exfoliated on a tape with strong adhesion. In 
step [2], Au is deposited on the WSe2 crystals on the tape using electron-beam evaporation 
3M tape  large area mono/bi layers WSe
2
 
Step [1] Step [2] Step [3] 
Step [4] Step [5] 
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2
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2
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and in step [3], the Au layer is peeled off using a thermal release tape. The strong affinity 
between Au and the top layer of WSe2 causes large monolayer flakes to attach themselves 
to Au and detach from the bulk WSe2 crystals on the tape. In step [4], the Au/monolayer 
WSe2 film is released on an SiO2/Si substrate by heating the thermal release tape to 90°C. 
Finally, in step [5], the top Au is removed in an Au-etchant of potassium iodide and iodine.  
 
Figure 5.4 Optical micrographs of the monolayer and bilayer WSe2 flakes obtained by Au-
mediated exfoliation.  
 Initial Au deposition rate Average Au deposition rate 
Trial #1 0.1 Å /s 0.5Å /s 
Trial #2 0.5 Å /s 1 Å /s 
Trial #3 0.5 ~ 0.8 Å /s 1.5 Å /s 
 
Table 5.1 Table showing three different trials of Au-deposition rates using electron-beam 
evaporation on the bulk WSe2 crystal in figure 5.3 step [2].  
Figure 5.4 shows the optical micrographs of the monolayer WSe2 flakes on an 
SiO2/Si substrate obtained using the steps described in figure 5.3. The Au deposition rate 
was found to affect the quality of the monolayer WSe2 flakes. Table 5.1 shows three trials 
of Au deposition at different rates in electron-beam evaporation. The Au is deposited at a 
200 µm 
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base pressure of 5.510-6 Torr and the initial deposition rate is controlled by soaking the 
Au at different electron-beam powers prior to opening the shutter for deposition. All the 
other steps outlined in figure 5.3 remain the same for the three trials except for the Au 
deposition rate. 
 
Figure 5.5 (a) PL spectra of the exfoliated large area monolayer WSe2 flakes obtained from 
the trials of figure 5.3 panel (b). (b) ID vs VTG of two hBN encapsulated 
WSe2 FETs, using WSe2 monolayers from Trial #1 and #2. (c) Four-point 
conductance and µ4pt corresponding to panel (b) data.      
Figure 5.5(a) shows the PL spectra for monolayer flakes from the three trials. A 
clear difference in the PL counts is observed for the three trials with the higher deposition 
rate trials showing higher PL intensities. Monolayer WSe2 flakes obtained with an Au 
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evaporation rate of 0.5 to 0.8 Å /s show an order of magnitude higher PL intensity than 
when Au is deposited at 0.1 Å /s. To further investigate the quality of WSe2 layers, we 
fabricate two sets of hBN encapsulated FETs using WSe2 flakes from Trial #1 and #2. 
Figure 5.5(b) shows the drain current (ID) vs VTG for the WSe2 flakes from the two trials. 
Both the data show p-type conduction. In both panels, we use Cr/Pt (3 nm/12 nm) 
electrodes on hBN as bottom contacts, and 19 nm and 28 nm thick hBN flakes as top-gate 
dielectrics, which correspond to top-gate capacitances of 140 nF/cm2 and 95 nF/cm2, 
respectively. Figure 5.5(c) shows the normalized four-point conductance vs density for the 
two devices in figure 5.5(b). We extract the corresponding four-point field effect mobility 
(µ4pt) values of µ4pt = 152 cm
2/Vs for Trial #2 in comparison to µ4pt = 30 cm
2/Vs for Trial 
#1. Approximately five times higher value of µ4pt for Trial #2 vs Trial #1 confirms the 
higher quality of WSe2 with a higher Au deposition rate. In conclusion, the Au deposition 
rate during deposition on bulk WSe2 can significantly affect the quality of the resulting 
monolayer WSe2.  
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Figure 5.6 Optical micrographs of layer stack-up process in WSe2-hBN-WSe2 
heterostructure using half-hemispherical handle substrate and Au-mediated 
exfoliation. 
 Figure 5.6(a, c) show optical micrographs describing fabrication of WSe2-hBN-
WSe2 heterostructure using half-hemispherical handle substrate and large area WSe2 
obtained by Au-mediated exfoliation. Figure 5.6(a, c) are optical micrographs after landing 
T and IL hBN on pre-trimmed WSe2 layers by EBL followed by CHF3+O2 plasma, and 
figure 5.6(b, d) are the optical micrographs of completed WSe2-hBN-WSe2 
heterostructures. Panel (a, b) and panel (c, d) are the heterostructures of Device #2 and #4 
in table 5.2, respectively.   
5.3 REALIZATION OF ROTATIONALLY ALIGNED WSE2-HBN-WSE2 VAN DER WAALS 
HETEROSTRUCTURES 
Because monolayer WSe2 band extrema are located at the K point, momentum-
conserving tunneling occurs if the relative twist between the two WSe2 monolayers is a 
10 µm 
T-hBN TL WSe2 IL-hBN BL WSe2 
10 µm 
(a) (b) 
10 µm 10 µm 
(c) (d) 
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multiple of 60. If the relative twist is an even multiple of 60 (e.g. 0), the K point and its 
time-reversed partner (K’) of the two monolayers are aligned in momentum space.  
Conversely, if the relative twist is an odd multiple of 60 (e.g. 180), the K (K’) point of 
one layer is aligned with the time reversed partner K’ (K) of the opposite layer. We employ 
temperature dependent, four-point current-voltage measurements to probe the intrinsic 
tunneling characteristics at zero and high magnetic fields, and investigate the impact of 
energy, momentum, and spin conservation.  
Samples 
Twist 
Angle 
T hBN 
Thickness 
(nm) 
B hBN 
Thickness 
(nm) 
IL hBN # 
of layers 
CTG 
(nF/cm2) 
CBG 
(nF/cm2) 
CIL 
(μF/cm2) 
Reference 
Device #1 0° 23.3 60.3 3 114 44 2.30 
WW (3) 
[Tape-exfoliated] 
Device #2 0° 23.0 13.0 4 115 204 1.80 
WW (23) 
[Au-exfoliated] 
Device #3 0° 10.4 8.2 6 255 324 1.31 
WW (24) 
[Au-exfoliated] 
Device #4 0° 28 27 5 95 98 1.53 
WW (18) 
[Au-exfoliated] 
Device #5 180° 23.8 29.7 7 112 89 1.15 
WW (9) 
[Tape-exfoliated] 
Device #6 180° 10.5 20 6 253 133 1.31 
WW (12) 
[Tape-exfoliated] 
 Table 5.2 Specifications of rotationally aligned WSe2-hBN-WSe2 devices.  
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 Table 5.2 presents the detailed information of all devices that are fabricated and 
analyzed in this Chapter. 
5.3.1 Interlayer tunneling current-voltage characteristics 
The devices are characterized at negative VTG and VBG in order to populate both the 
WSe2 layers with holes. The bottom Pt contacts in combination with negative VTG and VBG 
ensure Ohmic p-type contacts to WSe2 [102]. The intrinsic tunneling characteristics, free 
of contact resistance effects can be studied, thanks to multiple contacts on each layer.  
 
Figure 5.7 (a) Cross sectional schematic of the final device, and (b) biasing scheme used 
for the two-point interlayer tunneling current measurement. Two-point IIL vs 
VIL (top axis), and four-point IIL vs ΔVIL (bottom axis) for (c) Device #1 and 
(d) Device #2 at room temperature. The right axes in panels (c, d) show IIL 
normalized to the TL and BL WSe2 overlap area. Insets of (c, e): Biasing 
scheme used for the four-point measurements of (c) Device #1 and (d) Device 
#2. The four-point interlayer bias is ΔVIL = V1–V2. 
Figure 5.7(a, b) show cross sectional schematic of the device and its biasing 
scheme. The devices are biased by applying an interlayer voltage (VIL) split symmetrically 
across the two layers, i.e. +VIL/2 on the top-layer and –VIL/2 on the bottom layer, and the 
interlayer bias (ΔVIL) is measured using additional contacts on each layer. Figure 5.7(c) 
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shows the room temperature two-point (four-point) interlayer tunneling current, IIL vs VIL 
(ΔVIL), with three layer IL hBN, where the two WSe2 layers are aligned with respect to 
each other, i.e. 0º twist. A salient feature of figure 5.7(c) data is the NDR characteristic on 
either side of VIL = 0, or ΔVIL = 0, the telltale sign of resonant tunneling between two 2D 
carrier systems.  
An evident difference between the two-point and four-point data in figure 5.7(d) is 
the apparent stretching of the two-point IIL vs VIL along the VIL axis in comparison to the 
four-point IIL vs ΔVIL. This is due to the effect of contacts, which drop a substantial portion 
of the applied VIL, resulting in an effectively reduced ΔVIL. Figure 5.7(d) shows a similar 
set of data for four atomic layers of IL hBN with a different device geometry described in 
the inset schematic, which shows a reduced NDR around VIL = 0, as expected for a thicker 
IL hBN. The difference between the two-point and the four-point data is smaller in figure 
5.7(c), owing to a larger interlayer tunneling resistance compared to the contact resistance. 
The data in figure 5.7(c, d) also show an inflexion in IIL at ΔVIL ~ ±0.5 V. We attribute this 
to the tunneling contribution from the second valence band of WSe2.  
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Figure 5.8 (a, e) are band alignment schematics of the two WSe2 layers with 0º and 180º 
twist, respectively. (b-d) and (f-h) are corresponding band alignments under 
an applied ΔVIL = -2λ, 0, 2λ.  
Figure 5.8(a) shows a schematic of the valence bands in the two WSe2 layers at 0º 
twist. The K and K’ valleys in both layers are aligned in momentum space at ΔVIL = 0. 
Figure 5.8(b-d) show the band alignments under an applied ΔVIL =0, ±2, where 2  0.5 
V is the spin-orbit coupling induced band splitting at K point [99, 100]. It can be seen that 
at ΔVIL ~ ±0.5 V, the spin-up and spin-down valleys of opposite layers are aligned in 
momentum space at both K and K’, hinting at tunneling between the unlike spin bands as 
a possible origin for the IIL vs ΔVIL inflexion. Figure 5.8(e) shows a schematic of the 
valence bands in the two WSe2 layers at 180º twist and Figures 5.8(f-h) show the band 
alignments under application of ΔVIL = 0, ±2. Here, in contrast to figures 5.8(a-d), the K 
and K’ valleys in both layers are aligned in momentum space at ΔVIL = ±0.5 V, and the 
unlike spin bands in the opposite layers are aligned at ΔVIL = 0.  
(a) 
(d) 
TL BL 
(b) 
(c) 
±2λ TL BL 
(e) (f) 
(g) 
(h) 
±2λ 
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Figure 5.9 (a) IIL vs ΔVIL for Device #1 at T = 1.5 K measured at equal layer density 
values, from p = 4.98×1012 cm-2 to p = 5.39×1012 cm-2. (b) IIL vs ΔVIL (top 
panel) and dIIL/dΔVIL vs ΔVIL (bottom panel) for Device#2 at T = 1.5 K 
measured at equal layer density values, from p = 5.0×1012 cm-2 to p = 
5.6×1012 cm-2. Inset: close-up of IIL vs ΔVIL at p = 5.6×1012 cm-2 near ΔVIL = 
0 V.  
Figure 5.9(a) shows IIL vs ΔVIL for Device #1 at T = 1.5 K and at four different 
biasing conditions chosen such that the hole densities (p) in the two WSe2 layers are equal 
and range from p = 4.98×1012 cm-2 to p = 5.39×1012 cm-2. All traces show clear NDR. 
Similarly to the figure 5.9(a), Figure 5.9(b) shows IIL vs ΔVIL and the corresponding 
differential conductance, dIIL/dVIL vs VIL for Device #2 at T = 1.5 K and at three 
different biasing conditions chosen such that the p in the two WSe2 layers are equal and 
range from p = 5.0×1012 cm-2 to p = 5.6×1012 cm-2. All three traces also show a steep NDR 
and a corresponding sharp differential conductance peak with a narrow FWHM of 7 mV 
close to ΔVIL = 0; a close-up view of the IIL vs ΔVIL data at p = 5.6×1012 cm-2 is shown in 
the inset of figure 5.9(b). The discontinuity in the plot near ΔVIL = 0 can be explained by 
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the circuit instability caused by the larger external (contact and non-overlapped WSe2 
layer) resistance in series with a lower negative differential tunneling resistance, which 
prevents a measurement of IIL in this regime. Further, all three traces in figure 5.9(b) show 
the IIL inflexion, albeit, of varying intensity, which appears as a corresponding differential 
conductance peak at ΔVIL ~ ±0.5 V. In the following, we refer to the differential 
conductance peak at ΔVIL = 0 as the primary resonance, and at ΔVIL ~ ±0.5 V as the 
secondary resonances. The main different between the figure 5.9(a, b) are using different 
tunnel barrier thickness of 4 and 5 layers as indicate in Table 5.2. 
 
Figure 5.10 (a, b) are IIL vs ΔVIL for Device#3 and Device#4 at T = 1.5 K measured at 
equal layer density values of p = 5.05×1012 cm-2 and p = 1.04×1013 cm-2, 
respectively.  Inset: close-up of IIL vs ΔVIL near ΔVIL = 0.  
Figure 5.10(a, b) are IIL vs VIL plots of two additional samples with 0º twist that 
are listed in table 5.2 Device #3 and Device #4 which has similar device geometry of 
Device #1 and #2 described in figure 5.7(c, d) insets, respectively. Inset in figure 5.10(b) 
is the close-up view near zero interlayer bias. Both plots clearly show the NDR 
characteristics. For later analysis in this chapter, we focus more on Device #1 and #2.  
-0.8 -0.4 0.0 0.4 0.8
-6
-4
-2
0
2
-100 0 100
-0.5
0.0
0.5
 
 
I IL
 (

A
)
V
IL
 (V)
 
 
V
IL
 (mV)
-0.8 -0.4 0.0 0.4 0.8
-6
-3
0
3
6
 
I IL
 (

A
)
V
IL
 (V)
 
(a) (b) 
 85 
5.3.2 Temperature dependence 
To investigate the origin of the tunneling resonances, we perform temperature 
dependent measurements. 
 
Figure 5.11 (a) IIL vs ΔVIL and (b) dIIL/dΔVIL vs ΔVIL as a function of varying temperature 
from T = 1.5 to 200 K. insets are close-up views of the corresponding panel 
data near ΔVIL = 0. The right axes of panels show IIL and dIIL/dΔVIL 
normalized to the TL and BL WSe2 overlap area. 
Figure 5.11(a, b) show IIL vs ΔVIL and the corresponding dIIL/dVIL vs VIL data 
as a function of varying temperature at p = 5.6×1012 cm-2 in Device #2, and figure 5.12(a, 
b) shows IIL vs ΔVIL (top panel) and the corresponding dIIL/dVIL vs VIL (bottom panel) 
data as a function of varying temperature at p = 5.39×1012 cm-2 in Device #1 in wide ΔVIL 
range and near zero bias. Based on temperature dependence plots shown in both figures, 
two noteworthy observations of commonality are as follows. First, the NDR associated 
with the primary resonance becomes more prominent with decreasing temperature. 
Equivalently, the primary resonance peak becomes sharper and increases in conductance, 
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along with the neighboring dips which become deeper. Second, the inflexion associated 
with the secondary resonance and correspondingly, its amplitude decreases with decreasing 
temperature. The opposite temperature dependences of the primary resonance and 
secondary resonance suggest a difference in their mechanism of origin. 
 
Figure 5.12 (a) IIL vs ΔVIL (top panel) and dIIL/dΔVIL vs ΔVIL (bottom panel) as a function 
of varying temperature from T = 1.5 to 150 K. (b) Close-up views of the 
corresponding panel (a) data near ΔVIL = 0.  
5.3.3 Theoretical calculation of tunneling mechanism 
In order to gain insight into the tunneling mechanisms at play in our devices, we 
model the interlayer current of the WSe2-hBN-WSe2 system using a perturbative 
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Hamiltonian approach. [11, 104, 105] The band structures of the top [ϵT(k, σ)] and bottom 
[ϵB(k, σ)] WSe2 layers are computed using a tight-binding model [106] considering only 
the single nearest neighbor interactions and including spin-orbit coupling [106, 107]. The 
electrostatic potential and band alignment of each WSe2 layer is self-consistently computed 
using the following set of charge-balance equations: 
𝐶IL ቀ
𝜙B
𝑒
−
𝜙T
𝑒
ቁ − 𝐶T ቀ𝑉TG +
𝜙T
𝑒
ቁ  = 𝑄T(𝜖T, 𝜇T, 𝜙T)   (5.1) 
𝐶IL ቀ
𝜙T
𝑒
−
𝜙B
𝑒
ቁ − 𝐶B ቀ𝑉BG +
𝜙B
𝑒
ቁ = 𝑄B(𝜖B, 𝜇B, 𝜙B)   (5.2) 
where CIL is the interlayer capacitance per unit area, CT (CB) is the top-(bottom-) gate 
capacitance per unit area, μT (μB) is the chemical potential, 𝜙𝑇 (𝜙𝐵) is the electrostatic 
potential and QT (QB) is the excess charge density of the top (bottom) WSe2 layer, and e is 
the electron charge. At zero gate biases and zero interlayer voltage, the chemical potentials 
of both the top and bottom layers are assumed to align with the WSe2 monolayer mid-gap. 
The excess charge densities QT and QB are given by 
𝑄𝑇/𝐵 =  −𝑒 ∑ ቀ𝑓(𝜖T/B(𝐤, σ)  + 𝜙𝑇/𝐵 − 𝜇𝑇/𝐵) − 𝑓(𝐸)ቁ𝐤,σ    (5.3) 
where 𝑓(𝐸)  is the Fermi distribution function. The single particle coherent tunneling 
current (𝐼coh) between the two WSe2 layers is given by 
𝐼coh =  −𝑒 ∫ 𝑇(𝐸)(𝑓(𝐸 − 𝜇T) − 𝑓(𝐸 − 𝜇B))𝑑𝐸
∞
−∞
   (5.4) 
where 𝑇(𝐸) is the vertical transmission rate of an electron at energy E is given by 
𝑇(𝐸) =
2𝜋
ℏ
∑ |𝑡𝐤𝑇𝐤𝐵σT𝜎𝐵|
2
𝐴TL(𝐤𝑇 , σT, 𝐸)𝐴BL(𝐤𝐵, σB, 𝐸)𝐤𝑇𝐤𝐵𝜎𝑇𝜎𝐵  (5.5) 
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𝐴TL (𝐴BL) is the spectral density function of the energy states of the top (bottom) WSe2 
layer. The spectral densities are taken to be Lorentzian in form, i.e. 
𝐴(𝐤, σ, 𝐸) =
1
𝜋
Γ
ቀ𝐸−ϵ(𝐤,σ)ቁ
2
+Γ2
    (5.6) 
where 𝛤 represents the energy broadening of the quasi-particle states. We note that 𝛤 may 
also contain contributions from the spatial variation in the electrostatic potential difference 
between layers due to disorder. For simplicity, the interlayer coupling 𝑡𝐤𝑇𝐤𝐵𝜎T𝜎𝐵 is assumed 
to be 𝑡𝐤𝑇𝐤𝐵𝜎T𝜎𝐵 = |𝑡| 𝛿𝐤𝑇𝐤𝐵𝛿𝜎𝑇𝜎𝐵 to model the momentum and spin conserving tunneling 
and 𝑡𝐤𝑇𝐤𝐵𝜎T𝜎𝐵 = |𝑡| 𝛿𝐤𝑇𝐤𝐵  to model the momentum conserving but spin randomizing 
tunneling.  The summation is performed over all momentum states in the BZ and over the 
first two valence sub-bands with opposite spins.  
A separate, incoherent tunneling current component, where both momentum and 
spin are randomized is modeled as: 
𝐼rand =  −𝑒𝑊 ∫ 𝑔T(𝐸)𝑔B(𝐸)(𝑓(𝐸 − 𝜇T) − 𝑓(𝐸 − 𝜇B))𝑑𝐸
∞
−∞
   (5.7) 
where the W parameter describes the momentum randomizing strength, 𝑔T(𝐸) (𝑔B(𝐸)) is 
the TDOS of the top (bottom) layer at energy 𝐸. The total tunneling current, 𝐼il = 𝐼coh +
𝐼rand . The free parameters in the model are the interlayer coupling ( 𝑡 ), the energy 
broadening parameter (𝛤), and the strength of the randomizing potential (𝑊). 
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Figure 5.13 (a) IIL vs ΔVIL at p = 5.6×1012 cm-2 and T = 1.5 K (circles), and calculations 
under different combinations of energy conserving (E), momentum 
conserving (k) or randomizing (k), and spin conserving (σ) or randomizing 
(σ) tunneling processes contributing to IIL. (b) Close-up view of panel (a) near 
ΔVIL = 0. (c) Γ vs T for Device #1 and Device #2 extracted from fits to the 
experimental IIL vs ΔVIL data (symbols), and from monolayer WSe2 mobility 
(dashed line) corresponding to the transport lifetime. The right axes of panels 
(a, b) show IIL normalized to the TL and BL WSe2 overlap area. 
Figure 5.13(a) shows a comparison of IIL vs ΔVIL calculated from theory and the 
experimental data of figure 5.9(b) at p = 5.6×1012 cm-2 and T = 1.5 K, and figure 5.13(b) 
shows a close-up of figure 5.13(a) data around ΔVIL = 0. To assess the contributions of the 
different tunneling mechanisms to the total experimentally measured IIL, the current is 
calculated by successively relaxing the constraints on energy, momentum, and spin 
conservation. First, we consider the scenario when tunneling is assumed to occur only when 
all of the energy (E), momentum (k), and spin (σ) conservation are satisfied (labeled E, k, 
σ). The calculated IIL vs ΔVIL under these conditions are able to reproduce the experimental 
primary resonance NDR accurately. However, away from ΔVIL = 0, the experimental data 
diverge from calculations, which predict no tunneling current away from the primary 
resonance. This is in an agreement with our assumptions, since the secondary resonances 
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at ΔVIL ~ ±0.5 V require unlike-spin-band tunneling, which is suppressed if the spin is 
conserved in tunneling.  
Given the presence of prominent secondary resonances in our experimental data, it 
is instructive to relax the spin conservation constraints in our calculations, and consider 
only the requirement of energy and momentum conservation (labeled E, k, σ). In this case, 
the calculated tunneling current reproduces the NDR at ΔVIL = 0, and additionally shows 
NDR features at ΔVIL ~ ±0.5 V. This behavior, predicted by the model, is similar to 
observations in double bilayer graphene separated by hBN [10, 54] where the secondary 
resonance appears due to tunneling between the higher and lower sub-bands of bilayer 
graphene, in the absence of the requirement for spin conservation. We note that the model 
predicted current fall off with respect to interlayer voltage at the secondary NDR regions 
is weaker. Around the secondary resonance peak, the applied bias depletes one of the WSe2 
layers, thereby giving rise to a near zero quantum capacitance in one of the layers. When 
one of the layers is depleted, the relative alignments of the bandstructures of the two WSe2 
layers remains almost constant even as the applied bias is varied. This giving rise to a weak 
dependence of the interlayer current on the bias voltage and thereby a weak secondary 
NDR. The measurement data does not show NDR around ΔVIL ~ ±0.5 V. Therefore, we 
conclude that spin relaxing momentum conserving tunneling is not a dominant form of 
tunneling that causes the secondary conductance peaks. 
Next, we consider the case when both momentum and spin conservation 
requirements are relaxed and the tunneling current is proportional to the product of TDOS 
in both the WSe2 layers (labeled E, k, σ). In this scenario, the calculated current does not 
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show the primary resonance, but reproduces the experimental data at high |VIL| reasonably 
well. Therefore, the interlayer current at high |VIL| can be attributed predominantly to the 
momentum relaxing tunneling mechanisms. Further, the current saturates with a weak 
increase after a particular VIL. This is, again, because one of the WSe2 layers is depleted.  
Finally, we consider a scenario where both momentum and spin conserving as well 
as momentum and spin relaxing tunneling processes are present (labeled E,k,σ + E,k,σ). 
The calculated tunneling current in this case reproduces both the primary and secondary 
resonance features of our experimental data, suggesting that both these mechanisms are at 
play in our samples. Figure 5.13(c) shows the value of 𝛤 used to fit the experimental data 
of both Devices #1 and #2 as a function of temperature.  
5.3.4 In-plane B-filed induced interlayer tunneling current voltage characteristics 
In light of the role of several tunneling mechanisms in our samples, one question is 
whether the primary resonance at VIL = 0 V is indeed due to momentum conserving 
tunneling. To answer this question, we perform measurements in the presence of an in-
plane magnetic field (B||), perpendicular to the direction of tunneling current.  
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Figure 5.14 (a) dIIL/dVIL vs VIL for Device #2 at T = 1.5 K near VIL = 0 measured at 
B = 0, 8, and 14 T. Inset: schematic of the sample orientation with respect 
to B. (b) dIIL/dVIL vs B|| for Device #1 and Device #2. 
Figure 5.14(a) shows dIIL/dVIL vs VIL near the primary resonance for Device#2 
at various magnetic field values, which shows the resonance peak conductance decreasing 
and the peak width increasing with increasing magnetic field. The effect of B|| is to produce 
a momentum shift of the tunneling carriers due to the Lorentz force, which thereby causes 
a momentum mismatch, and consequently a suppression of the resonance peak. Figure 
5.14(b) shows dIIL/dVIL vs B|| for both Devices #1 and #2, where dIIL/dVIL decreases 
with B||. This observation confirms that momentum conserving tunneling is responsible for 
the primary resonance at VIL = 0. 
5.4 REALIZATION OF 180° ROTATIONALLY ALIGNED WSE2-HBN-WSE2 VAN DER 
WAALS HETEROSTRUCTURES 
 To further test the role of spin conservation in tunneling, we now turn our focus to 
interlayer tunneling in the case of a 180º twist between the two WSe2 layers. The basic 
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understanding of energy band diagram is described in figure 5.8 (e-f). Figure 5.8(e) shows 
a schematic of the valence bands in the two WSe2 layers at 180º twist and Figures 5.8(f-h) 
show the band alignments under application of ΔVIL = 0, ±2. In contrast to the figures 
5.8(a-d), here the K and K’ valleys in both layers are aligned in momentum space at ΔVIL 
= ±0.5 V, and the unlike spin bands in the opposite layers are aligned at ΔVIL = 0. 
 
Figure 5.15 (a, b) are IIL vs ΔVIL for Device #5 and #6 at T = 1.5 K, respectively from Table 
5.2. The right axes are IIL normalized to the TL and BL WSe2 overlap area. 
Figure 5.15(a, b) show IIL vs VIL for Device #5 and #6 with 180º twist between 
the WSe2 layers, and seven and five atomic layers of IL hBN. In Device #5, VTG = -9 V 
and VBG = -9.5 V are applied with T hBN and B hBN thicknesses of 23.8 nm and 29.7 nm, 
in which approximate densities using 𝑒𝑝 = 𝐶 × 𝑉 are p = 6.3×1012 cm-2 and p = 5.3×1012 
cm-2, respectively. For Device #6, top and bottom layer densities are p = 9.2×1012 cm-2 and 
p = 4.8×1012 cm-2. We note here that inducing carriers at the bottom layer WSe2 was limited 
by B hBN leakage problem. As a result, in both samples, the data show negligible 
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conductance near ΔVIL = 0, i.e. no primary resonance and substantial IIL for |VIL| > 0.4 V, 
i.e. prominent secondary resonances, along with an NDR at ΔVIL = -0.5 V.  
  
Figure 5.16 IIL vs ΔVIL (top panel) and dIIL/dΔVIL vs ΔVIL (bottom panel) for Device #5 as 
a function of varying temperature from T = 1.5 to 200 K. The right axes of 
panels show IIL and dIIL/dΔVIL normalized to the TL and BL WSe2 overlap 
area. 
In similar to 0º twist samples, to investigate the origin of the tunneling resonances, 
we perform temperature dependent measurements. Figure 5.16 show IIL vs ΔVIL and 
corresponding dIIL/dΔVIL vs ΔVIL data as a function of varying temperatures from 1.5 K to 
200 K. We observe here secondary resonance is quite insensitive to the temperature 
changes.  
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Figure 5.17 IIL vs ΔVIL of figure 5.14(a) data at T = 1.5 K (circles), and calculations under 
different combinations of tunneling mechanisms. The right axis shows IIL 
normalized to the TL and BL WSe2 overlap area.  
Figure 5.17 shows a comparison of the experimental and calculated tunneling 
currents under the same set of constraints employed in the 0º twist case. In the case of 
energy, momentum, and spin conserving tunneling (E, k, σ), the calculated tunneling 
current shows prominent NDR characteristics at ΔVIL = ±0.5 V, and zero current near ΔVIL 
= 0. The tunneling current near ΔVIL = 0 is strongly suppressed due to spin mismatch 
between the opposite layer bands, despite alignment in the momentum space. In the case 
when only energy and momentum conservation are enforced (E, k, σ), the calculated 
current shows a primary resonance at ΔVIL =0 V, at variance with experimental data. 
Finally, in the case when both spin and momentum conservation are relaxed (E, k, σ), the 
calculation is able to reproduce the experimental features at high ΔVIL. Comparing the 
calculations with experimental data, the absence of a primary resonance implies both spin 
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and momentum are conserved near ΔVIL = 0, but at high ΔVIL momentum randomizing 
tunneling starts to contribute to IIL. 
5.5 SUMMARY  
we demonstrate experimentally, and explain theoretically, the role of spin-valley 
conservation in addition to energy and momentum conservation in vertical transport in 
twist controlled WSe2-hBN-WSe2 heterostructures. Devices with 0º twist between the two 
WSe2 monolayers show a sharp resonance near zero interlayer bias and apparent secondary 
resonances near ±0.5 V stemming from unlike-spin-band tunneling. Devices with 180º 
twist do not show a primary resonance, but show prominent secondary resonances, thanks 
to alignment of like-spin-bands of the two layers at an interlayer bias of ±0.5 V. 
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